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The objectives of this project were to investigate the effects of dietary lysine restriction
on (1) the plasma concentrations of selected metabolites, free AAs, and three growth-related
hormones, (2) the gene expression profile in longissimus dorsi muscle growing pigs. Twelve
individually penned young barrows (Yorkshire × Landrace; 22.6 ± 2.04 kg) were randomly
assigned to two dietary treatments (a lysine-deficient, LDD, and a lysine-adequate, LAD) diets,
respectively. Pigs had ad libitum access to water and their respective diets for 8 weeks, and the
ADG, ADFI, and G:F were determined. At the end of the trial, jugular vein blood was collected,
and plasma was separated for the analysis of plasma parameters. Also, the longissimus dorsi
muscle samples were collected from each pig for gene expression profiling. The ADG of LDD
pigs was lower than that of LAD pigs, and so was the G:F since there was no difference in the
ADFI between the two groups of pigs. The plasma concentrations of lysine, methionine, leucine,
and tyrosine were lower, while that of β-alanine was higher, in the LDD pigs. The total plasma
protein concentration was lower in the LDD pigs, whereas no differences were observed for the
other metabolites, and the plasma concentrations of GF, insulin, and IGF-1 between the two
groups. While gene expression profile results showed that sixty-nine genes were found

differentially expressed (Benjamin-Hochberg corrected P-value < 0.05) in Diet I vs. Diet II pigs,
of which 29 genes were down-regulated (Log₂ fold change (FC) < - 0.58) and 40 genes were upregulated (Log₂ FC > 0.58). Furthermore, bioinformatic analyses revealed that the upregulation
and downregulation of the DEGs may negatively affect the muscle protein turnover, structural
development, and lipid metabolism of skeletal muscle. In conclusion, these results indicate that
the lack of lysine including other two EAA as protein building block must be the primary reason
for the compromised G:F ratio and ADG. The changes in the performance might be associated
with some cell signaling and metabolic pathways suggested from the Bioinformatic results;
however, may not involve the GH/IGF-1 axis.
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CHAPTER I
OVERALL INTRODUCTION
Introduction
Pork, the most consumed meat in the world, is one of the most economical sources of
animal proteins in human diets, and the demand for pork is still increasing with the fast-growing
human population worldwide, which is especially true in the developing countries with rising
living standards (Thornton, 2010, Liao et al., 2015). To meet this rising demand, more pork with
even better quality definitely needs to be produced with the same or reduced natural resources
(including the land, water, and feedstuffs). In other words, the swine production efficiency needs
to be greatly improved, which creates an urgent need for swine scientists to develop novel
production strategies, such as molecular-based precision swine nutrition management, to
improve the production efficiency.
The primary goal of swine production is to grow skeletal muscle, the major component of
pork, for human consumption (Liao et al., 2015; Regmi et al., 2016). Therefore, the growth and
development of skeletal muscle in swine is fundamentally important, of which producers need to
take advantage from both technical and economic standpoints. That is why in modern days the
efficiency of pork production is measured by the efficiency of lean (i.e., the muscle) gain instead
of the whole-body weight gain.
The muscle growth and development in pigs essentially requires dietary supply of
protein, or its components, amino acids (AAs), to be exact. There are 20 AAs in nature that serve
1

as building blocks for muscle protein biosynthesis, but not all of them are indispensable dietary
components because pigs can de novo synthesize about 10 of them. The essential dietary AAs are
those that need to be supplied exogenously because pigs cannot de novo synthesize them or
cannot synthesize enough. Lysine is the first limiting essential AA in typical grain-based swine
diets and is also one of the most studied AAs in the field of swine nutrition (Lewis, 2001; NRC,
2012; Liao et al., 2015).
The objectives of many previous studies on lysine were to determine its dietary
requirement for maximal muscle protein accretion in pigs. Numerous experiments have shown
that crystalline lysine supplementation improved the growth performance of growing and
finishing pigs via increased nitrogen retention and muscle protein accretion (Fuller et al., 1987;
Roy et al., 2000; Salter et al., 1990; Shelton et al., 2011). On the other hand, dietary lysine
restriction led to negative protein turnover in pigs, because the more muscle protein degradation
can release more free AAs for other metabolic usage (Roy et al., 2000; Regmi et al., 2016).
Previous studies also have shown that dietary lysine levels affected plasma AA profile
(Regmi et al., 2016) and concentrations of nutrient metabolites including total protein, albumin
(Kamalakar et al., 2009; Yang et al., 2008), urea nitrogen (Fernández-Fígares et al., 2007; Zeng
et al., 2013), glucose (Zhang et al., 2008), triglycerides, cholesterol, and growth-related
hormones (Wang et al., 2017; Regmi et al., 2018) in growing-finishing pigs. However,
knowledge is still very limited on the influence of dietary lysine restriction on the dynamic
profile of AAs, nutrient metabolites, and growth-related hormones in the plasma of growing pigs.
The genetic potential has great influence on growth and development, which can be
affected by nutritional status of pigs (Liao et al., 2015). Nutrients either directly interact with the
transcriptional regulatory elements to influence genes expression, or indirectly through various
2

cell signaling pathways that are associated with pig growth and development (Liao et al., 2015).
Previous studies reported that dietary lysine can affect the expression of genes associated with
AA transport, protein, lipid, and energy metabolism (Kimball and Jefferson, 2001; Sato et al.,
2013, 2014a, 2014b, 2015; Morales et al., 2015; Wang et al., 2017b). For example, Morales et al.
(2015) reported that the deficiency of lysine increased the expression of b0,+AT AA transporter
mRNA in the liver (but not in jejunum) of growing pigs, and the expression of CAT-1
transporter mRNA was higher in both the liver and the jejunum (Morales et al., 2015).
Furthermore, Wang et al. (2017) found that the deficiency of dietary lysine increased the
expression of genes associated with protein degradation via ubiquitination pathway in finishing
pigs. Nevertheless, the gene expression profile of pigs in response to dietary lysine restriction is
still unknown.
Therefore, the first objective of this dissertation project was to explore the regulatory
roles of dietary lysine restriction on the plasma concentrations of selected metabolites including
free AAs and three growth-related hormones in young growing pigs. And the second objective of
this project was to investigate the gene expression profile (i.e., the transcriptome) using RNA
sequencing (RNA-Seq) technology to explore the molecular regulatory mechanisms, by which
dietary lysine affects the cell signaling and metabolic pathways associated with growth responses
of the young growing pigs. Increasing our understanding of the molecular mechanism by which
dietary lysine regulates muscle growth in pigs will eventually lead to the development of novel
nutritional strategies to improve swine production efficiency (Kimball and Jefferson, 2002;
Rennie et al., 2004).
Indeed, the study of nutrient-gene interaction is essential to unravel the molecular
mechanisms of nutrient functions associated with genome (Müller and Kersten, 2003). For the
3

analysis of nutrient-gene interactions, scientists primarily use quantitative polymerase chain
reaction (qPCR) or microarray method (Wang et al., 2017). Selection of an analytical method for
a study depends on the research objectives, experimental design, and organism of interest. For
example, if the number of the interested genes is not many (e.g., 30), and their gene sequences
are known, the qPCR is a suitable method for quantitative expression analysis (Liao et al., 2010).
For a transcriptomic analysis of differential gene expression with a known reference genome of a
given animal, DNA microarray is a robust and inexpensive technique as compared with other omics methods. In contrast to microarray, the RNA-Seq technology, a sequencing-based
approach, however, can directly determine all the cDNA sequences (Wickramasinghe et al.,
2012; Santos et al., 2014). Most importantly, a reference genome is helpful but not a prerequisite
for gene expression profiling using RNA-Seq technology. In addition, this technological
approach can reduce the possibility of experimental bias or cross-hybridization, and thus largely
decreases the background noise (Costa et al., 2010; Han et al., 2015). Therefore, the RNA-Seq
technology will be applied in this project to investigate the effects of dietary lysine restriction on
the profile of gene expression in longissimus dorsi muscle of young growing pigs.
Given the fundamental importance of an analytical method in studying nutrient-gene
interactions in agricultural animals, another side objective of this dissertation was to review the
application of RNA-Seq technology to study nutrient-gene interactions or nutrigenomics in
agriculture animals, especially in swine. Detailed knowledge about the scientific principle and
technical procedures of the RNA-Seq technology will not only ensure the accuracy and
confidence in conducting this dissertation project (such as in the aspects of appropriate design of
an experiment, sample collection and laboratory analysis, and data bioinformatics analyses and
interpretation), but also advance the overall animal nutrigenomics studies in the field.
4
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CHAPTER II
A NUTRIGENOMICS APPROACH USING RNA SEQUENCING TECHNOLOGY TO
STUDY NUTRIENT–GENE INTERACTIONS IN AGRICULTURAL ANIMALS
Abstract
Thorough understanding of animal gene expression driven by dietary nutrients can be
regarded as a bottom line of advanced animal nutrition research. Nutrigenomics (including
transcriptomics) studies the effects of dietary nutrients on cellular gene expression and,
ultimately, phenotypic changes in living organisms. Transcriptomics can be applied to
investigate animal tissue transcriptomes at a defined nutritional state, which can provide a
holistic view of intracellular RNA expression. As a novel transcriptomics approach, RNA
sequencing (RNA-Seq) technology can monitor all gene expressions simultaneously in response
to dietary intervention. The principle and history of RNA-Seq are briefly reviewed, and its 3
principal steps are described in this article. Application of RNA-Seq in different areas of animal
nutrition research is summarized. Lastly, the application of RNA-Seq in swine science and
nutrition is also reviewed. In short, RNA-Seq holds significant potential to be employed for
better understanding the nutrient–gene interactions in agricultural animals.
Keywords: RNA sequencing technology, Transcriptomics, Nutrigenomics, Nutrientgene interaction, Agricultural animal.
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Introduction
The fast-growing human population worldwide demands more food of animal origin,
which is especially true in the developing countries with rising living standards. The limited
natural resources (e.g., the land area and clean water reserves), however, negatively affect the
scale and productivities of animal production, leading to an urgent need for developing novel
production strategies, such as molecular-based precision animal agriculture, to improve animal
production efficiency (Thornton, 2010; Daniel et al., 2011).
As is known, animal life essentially is a set of gene expression processes. Although these
processes are genetically preprogrammed, dietary nutrients are the “driving force” for the
processes. An ultimate goal of animal nutrition study (a.k.a., animal nutriology, a branch of
animal science) is to thoroughly understand how dietary nutrients affect or drive animal genetic
programs during their life spans (Sato, 2016). Previous studies showed that a balanced uptake of
nutrients is vital for maintenance of animal growth and health, whereas an imbalanced provision
of nutrients can cause diseases and compromise animal health and production performance (Joshi
and Herdt, 2006). Although it is known that dietary nutrients exert their functions through
numerous nutrient-metabolic and cell signaling pathways, our current knowledge is still not
profound enough to unravel the immense complexities in the relations between dietary nutrients
and animal genome expression.
Molecular animal nutrition is a new branch of nutriology studying animal nutrition at the
basic molecular biological level. In other words, it is to study animal biological processes at the
gene expression level, or to study nutrient–gene interactions, with the aid of modern molecular
biological science and technologies (Zempleni and Daniel, 2003; de Lange and Swanson, 2006).
Study of the dynamic bidirectional nutrient–gene interactions can ultimately elucidate the basic
9

molecular mechanisms by which dietary nutrients regulate animal gene expression, cellular
biochemical responses, and, in turn, the physiological processes and phenotypic expression
(Norheim et al., 2012).
To further improve animal production efficiency, advanced animal nutrition studies are
indispensable. This article has been written to review the current research progress in the field of
molecular animal and human nutrition, with an emphasis on the application of RNA sequencing
(RNA-Seq) technology, a novel nutrigenomics approach, to study nutrient–gene interactions in
agricultural animals. It is predicted that the novel RNA-Seq technology can offer plentiful
opportunities for comprehensive investigations in the fields of molecular animal nutrition and
associated animal systems biology.
The Nutrigenomics Approach to Study Nutrient–Gene Interactions
Animal cellular responses to the nutritional environment (i.e., the availability or scarcity
of nutrients) are tightly linked through a series of biochemical and physiological events, which
include nutrient digestion, absorption, intermediary metabolism, storage, and excretion, as well
as information metabolism such as gene expression (Simopoulos, 2010; Fenech et al., 2011).
Nutrients and metabolites can exert direct or indirect actions to alter gene expression via up- or
downregulating transcription processes (Cousins, 1999; Kaput and Rodriguez, 2004; Kaput et al.,
2005; Moul, 2012). Figure 2.1 depicts an example of cellular nutrient–gene interaction
mechanisms, which shows the indirect effect of available nutrient glucose (Glc) on
transcriptional expression of several genes in various pathways (e.g., gluconeogenic, glycolytic,
and lipogenic).
The expression of groups of related genes generally leads to the establishment of
phenotypic characters, and full investigations of such genes require the use of large-scale studies
10

such as genetic polymorphism, genome-wide association (GWA) (Van Ommen and Stierum,
2002; Feugang et al., 2009; Zinck and MacFarlane, 2014), and single nucleotide polymorphism
(SNP) analyses (Patnala et al., 2013); all these applications are suitable for the characterization
of global relations between nutrients, genetics, and phenotypes. Downstream of these techniques,
the small-scale investigation known as real-time PCR has allowed the identification of specific
gene targets (Zhu and Zhao, 2007) to serve as nutrient-related biomarkers. Although the PCR
technique is ideal for specific quantitative analyses of known target genes (Kozera and Rapacz,
2013), it remains laborious, time-consuming, and limited to a small number of genes.
On the other hand, the use of modern genomics science and techniques to study the
effects of dietary nutrients on the cellular gene expression, metabolic responses, and, ultimately,
phenotypic changes of living organisms is referred to as nutrigenomics, a branch of molecular
animal nutrition (Fenech et al., 2011). In contrast, the study of the effects of genetic variations on
animal or human responses to different dietary components is referred to as nutrigenetics
(Gillies, 2003). For example, phenylketonuria patients carry a phenylalanine hydroxylase
mutation that leads to a non-hydroxylation of phenylalanine to tyrosine, resulting in high
concentrations of phenylalanine in blood and other tissues (Van Spronsen, 2010).
In practice, application of nutrigenomics harnesses various “omics” techniques in
multiple disciplines, including genomics, epigenomics, transcriptomics, proteomics, and
metabolomics, in an independent or integrated manner, to analyze animal cellular and molecular
responses to various dietary nutrients, revealing the global influence of nutrients on animal
genomes, methylomes/epigenomes, transcriptomes, proteomes, and metabolomes, respectively
(Fenech et al., 2011; García-Cañas et al., 2010; Pareek et al., 2011). Without a doubt, the
application of those high-throughput omics tools in the field of animal nutrition research can
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generate “big data” that can greatly enhance our understanding of nutrient regulation of nutrientmetabolic and cell-signaling pathways and their homeostatic control (Müller and Kersten, 2003;
Sales et al., 2014).
The Transcriptomics Approach and RNA-Seq Technology
Among the omics techniques, transcriptomics is the most widely used for profiling
animal gene expression at a defined nutritional state, because it can provide a whole picture of
intracellular RNA transcript changes in response to dietary interventions (Wickramasinghe et al.,
2012). The foundation of transcriptomics is based on the central dogma theory (Crick, 1970),
describing the sequential flow of genetic information expression: from DNA to DNA (called
replication), from DNA to RNA (called transcription), and from RNA to protein (called
translation). In this sequential expression flow, the transcription process generates a complete set
of RNA (Santos et al., 2014) that consists of ribosomal RNA (rRNA; ∼80%), tRNA (∼15%),
mRNA (∼4–5%), and other noncoding RNA (ncRNA; <1%). Importantly, only mRNA carries
the identities of individual genes and acts as bridges to convey the genotypic message to the
phenotypic expression of an organism. The transcription process occurs with the activation of
transcription factors by external or internal molecules which include nutrients, metabolites,
hormones, chemical drugs, etc. An activated transcription factor binds to a specific region within
a DNA promoter of a target gene to initiate or inhibit the transcription of a single-strand mRNA
(Müller and Kersten, 2003). For this special reason, the transcriptomic patterns of diverse cells or
tissues within an animal body vary with environmental conditions (including nutritional
interventions) that affect the expression of genetic messages or the sequential flow of gene
expression (López-Maury et al., 2008).
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Fluctuation in the intracellular RNA pool is the fundamental scientific basis of
transcriptomic profiling of an animal whole transcriptome, and this profiling allows scientists to
understand the steady state level of gene expression under specific physiological conditions
(O’Brien et al., 2012). The comprehensive transcriptomic analysis integrates all types of RNA
(coding- and ncRNA) to determine the transcriptional structure of genes, in terms of mRNA
splicing and other posttranscriptional modifications during growth and development or under
different physiological or nutritional conditions (Wang et al., 2009). In short, profiling mRNA
transcripts can give nutrition scientists a clear insight into the holistic gene expression status in
response to external dietary components.
Presently, various platforms of transcriptomics analysis can be used to acquire valuable
nutrigenomics information. DNA microarray technology is a hybridization-based highthroughput method for transcriptomics analysis, which is widely used for profiling animal
transcriptomes in certain physiological or pathological conditions (Liao et al., 2015; Wang et al.,
2017). The basic principle of microarray analysis is hybridization of cDNA samples with spotted
specific oligonucleotide probes, such as short-oligonucleotide, long-oligonucleotide, or cDNA
(Miller and Tang, 2009, Chon and Lancaster, 2011).
DNA microarray technology can be used for analysis of gene expression and genotyping
for point mutations, SNPs, and short tandem repeats. Although it can generate high-resolution
data on a large scale within a short period of time, the microarray method has some technical
limitations, including its dependence on the existing knowledge of the genomic sequences. In
addition, the high abundance of certain transcripts may create high background noise or signal
saturation due to nonspecific hybridization. Furthermore, microarray analysis does not allow the
detection of mRNA transcripts from repeated sequences that present a dynamic range. Therefore,
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microarray analysis cannot detect the very subtle changes at the gene expression level (Wang et
al., 2009; Bradford et al., 2010; Wickramasinghe et al., 2014).
RNA-Seq, on the other hand, has demonstrated extraordinary analytical potential relative
to microarray technology for gene expression investigations. RNA-Seq has been used in the
context of nutrient–gene interactions, with an incomparable power allowing for simultaneous
identification of numerous gene expressions in response to specific nutrients, diets, or
physiological conditions, such as energy restriction, vitamin and mineral deficiencies, and
diseases (Swanson et al., 2003; Wickramasinghe et al., 2012; Külahoglu and Bräutigam, 2014).
This massive data generation approach has a great advantage to speed up our acquisition of
knowledge, which will assist animal nutritionists to harness the molecular mechanisms of
nutrition for improving animal production efficiency.
Principle, History, and Procedure of RNA-Seq Technology
Principle and history of DNA sequencing technologies
The revolutionary development of DNA sequencing technologies from Sanger’s
capillary-based sequencing (a.k.a. first-generation sequencing) to high-throughput nextgeneration sequencing (NGS) is currently the hottest topic in the field of genomics and has a
great impact on various other fields of science (Pareek et al., 2011; Shendure and Ji, 2008;
Lander, 2011). In this history, Sanger’s enzymatic method (Sanger and Coulson, 1975; Sanger et
al., 1977) and Gilbert’s chemical degradation method (Maxam and Gilbert, 1977) are the 2
landmarks of innovation. Sanger’s method has been most widely used as a dominant gold
standard for DNA sequencing in the past 30–40 years (Voelkerding et al., 2009) because of its
lesser complexity when compared with Gilbert’s method. The basic principle of Sanger’s method
is sequencing-after-synthesis, which is based on separation of different sizes of DNA fragments
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generated by chain-termination with dideoxynucleotide analogs (Sanger and Coulson, 1975),
whereas Gilbert’s method needs to terminally label DNA fragments and to cleave them at
specific bases before separation by gel electrophoresis (Maxam and Gilbert, 1977).
The Roche/454 pyrosequencing, the Illumina sequencing-by-synthesis, and the ABI
SOLiD sequencing-by-ligation were considered the 3 leading second-generation NGS platforms,
which, based on emulsion PCR amplification, rely on parallel, cyclic interrogation of sequences
from spatially separated clonal amplicons (Pareek et al., 2011). The 454 system was the first
NGS platform based on the sequencing-by-synthesis technique (Shendure and Ji, 2008; Ansorge,
2009). It differs from Sanger’s method because it depends on the real-time detection of
pyrophosphate release upon nucleotide incorporation rather than chain termination with
dideoxynucleotides (Pareek et al., 2011). In the SOLiD sequencing-by-ligation system, both
forward and reverse PCR primers are tethered to a solid substrate by a flexible linker (termed
bridge PCR), such that all amplicons arising from any single template molecule during the
amplification (driven by a DNA ligase) remain immobilized and clustered to a single physical
location on an array (Shendure and Ji, 2008; Ansorge, 2009). On the Illumina platform, the
bridge PCR, nevertheless, is somewhat unconventional in relying on alternating cycles of
extension with Bst polymerase and denaturation with formamide (Shendure and Ji, 2008).
The concept of sequencing-by-synthesis from a single DNA molecule (i.e., without a
prior amplification step) is currently pursued by a number of biotechnology companies, and this
approach is now called the third generation NGS technology (Pareek et al., 2011). The third
generation NGS platforms include the Heliscope sequencer, SMRT (single molecule real time)
sequencer, RNAP (RNA polymerase) sequencer, Nanopore sequencer, VisiGen sequencer,
multiplex polony technology, and Ion Torrent technology (Pareek et al., 2011). Unlike the
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second-generation NGS technology, the third generation NGS technology interrogates single
DNA molecules in such a way that no synchronization (a limitation of second-generation NGS
technology) is required, thereby overcoming the issues related to the biases introduced by PCR
amplification and dephasing (Pareek et al., 2011). For the detailed principles and application
advantages of those aforementioned third generation NGS platforms, readers are encouraged to
read some excellent review articles authored by Pareek et al. (2011), Voelkerding et al. (2009),
Ansorge (2009), and van Dijk et al. (2018).
Besides the numerous applications of NGS technology in human and animal genomics
research—particularly de novo genome sequencing; whole-genome resequencing or more
targeted sequencing; genomic variation and mutation detection; genome-wide profiling of
epigenetic marks and chromatin structure using methyl-seq, DNaseseq, and ChIP-seq (chromatin
immunoprecipitation coupled to DNA microarray); and personal genomics (Pareek et al., 2011;
Mardis, 2008)—the NGS technology is also finding an application in profiling and cataloguing
the complete transcriptomes of cells, tissues, or organisms using the RNA-seq approach
(Wickramasinghe et al., 2014; Külahoglu and Bräutigam, 2014). Over time, the application of
RNA-Seq has become much more convenient, less expensive, and will lead to unbiased
investigation of the complex transcriptomes (Wang et al., 2009; Costa et al., 2010).
The procedure of RNA-Seq technology
As shown in Figure 2.2, the procedure or workflow of RNA-Seq can be described in 3
principal steps, namely, laboratory analysis of tissues, bioinformatics analysis of sequence data,
and biological interpretation of bioinformatics data (Han et al., 2015).
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Laboratory analysis of animal tissues
Firstly, the fresh or frozen-thawed animal tissue samples should be processed for total
RNA extraction, which will generate a heterogeneous RNA population that includes rRNA,
tRNA, mRNA, and ncRNA. This RNA population is used for cDNA library preparation.
Technically, only the high-quality RNA samples with an RNA integrity number >7 (out of 10)
are used for further analyses. The mRNA fraction is directly harvested through targeting
polyadenylated (poly-A) RNA with the use of polythymidine oligos that are covalently attached
to a given substrate (e.g., magnetic beads), or indirectly go through selective rRNA depletion
with exonucleases able for specific degradation (e.g., using the mRNA ONLY kit, Epicentre).
The selective ribo-depletion method has an advantage for delivering all other types of RNA
including mRNA, tRNA, and small ncRNA such as microRNA (miRNA) and short-interfering
RNA (siRNA), while allowing for the discovery of new RNA transcripts that are not yet known
(Costa et al., 2010).
Based on the available literature, the basic features and specifications of some current
sequencing platforms are summarized in Table 2.1 (Voelkerding et al., 2009; Ansorge, 2009;
Costa et al., 2010; Metzker, 2010; Jazayeri et al., 2015; Wilhelm and Landry, 2009; Qian et al.,
2014). Because the high-throughput sequencing methods usually generate a specific length of
short reads, the long mRNA transcripts are usually fragmented to generate the required length for
specific sequencing platforms. The fragmented mRNA transcripts are then reverse-transcribed to
construct a cDNA library. The cDNA library will be sequenced to generate raw RNA-Seq data
containing millions of short reads by using one of the sequencing platforms, such as those listed
in Table 2.1.
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Bioinformatics analysis of sequence data.
At the end of sequencing and image processing, the raw sequence data may be of poor
quality or have errors from previous procedure steps, including library preparation, sequencing
reactions, PCR artifacts, untrimmed adapter sequences, sequence specific bias, and other
contaminants, which can affect the downstream data analysis and biological interpretation.
Therefore, at the first step of data analysis, several bioinformatics tools, such as HTQC (Yang et
al., 2013), FastQC (Andrews, 2010), or NGS QC (Patel and Jain, 2012), are usually used to
check the raw data quality. Among these bioinformatics tools, FastQC is one of the most widely
used quality control software packages and provides a modular set of analyses, such as sequence
quality scores, sequence guanosine and cytosine content, sequence length distribution,
overrepresented sequences, and adapter content. The data of low quality should be processed
with trimming tools, such as Cutadapt (Martin, 2011) and Trimmomatic (Bolger et al., 2014), to
remove the reads with low-quality bases, adapter sequences, or other contaminating sequences.
The high-quality short reads can then be mapped against the available reference genome
to discover their true locations using a special algorithm-based bioinformatics software program,
such as Bowtie (Langmead and Salzberg, 2012), TopHat2 (Trapnell et al., 2009; Kim et al.,
2013), or MapSplice (Wang et al., 2010). The algorithms of these tools are based on BurrowsWheeler Transformation (Li and Durbin, 2009), the Smith–Waterman algorithm (Smith and
Waterman, 1981), or the combination of both. These algorithms allow software to find the
optimal alignment match within an acceptable computational time and a few (e.g., 2) mismatches
for each short read. If no reference genome is available, the Assembly by Short Sequences
(Simpson et al., 2009) or Velvet (Zerbino and Birney, 2008) tools can be used for de novo
assembly of the transcriptome (Robertson et al., 2010). Some other tools, such as Short
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Oligonucleotide Analysis Package, Novo Align, and SHRiMP, are also available that can be used
for reads mapping (Han et al., 2015; Bao et al., 2014).
The expression levels of genes or transcripts from the total count of reads can be inferred
by using software tools such as Cufflinks, feature-count, and HTSeq-count (Kanitz et al., 2015),
which facilitate the quantification of RNA species, including protein-coding RNA, long ncRNA,
and small RNA such as miRNA and siRNA (Conesa et al., 2016). After the actual counts of short
reads have been calculated, the counts need to be normalized to minimize the influence of
sequencing depth or library sizes (the total number of mapped reads), gene length dependence,
and count distribution biases and differences. Several methods, including RPKM (Reads Per
Kilobase of transcript per Million reads mapped), FPKM (Fragments Per Kilobase of exon model
per Million reads mapped), or TPM (Transcripts Per Million), can be used for data normalization
and reporting expression values. After quantification and normalization, identified genes or
transcripts are subject to differential expression analysis. Several statistical packages (e.g.,
DESeq, Cufflinks, EdgeR, and BaySeq) are available for identification of the differentially
expressed genes (DEGs) (Jazayeri et al., 2015).
Biological interpretation of bioinformatics data.
Obtaining a list of DEGs is the initial step for investigation of the biological insight of an
experimental system, a developmental stage of an organism, or a particular molecular
mechanism (Chen et al., 2015). Gene ontology (GO) analysis can be performed for each DEG
against the GO database to find out the biological processes associated with the given DEG
(GOC, 2014). Similarly, to understand more details about the biological context of a DEG,
pathway and function enrichment analyses and network prediction can be conducted using Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways (Kanehisa et al., 2004), DAVID
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(Huang et al., 2008), or other commercial knowledge systems such as Ingenuity Pathway
Analysis (Liao et al., 2015; Wang et al., 2017). Results obtained from these pathway enrichment
analyses can help to identify genetic biomarkers, to annotate novel transcripts, or to provide
interpretable information about the DEG associated with complex molecular interactions and
biological functions.
Advantages and limitations of RNA-Seq technology
In the current post-genome era, scientists have numerous opportunities to investigate the
complex interrelations between nutrients and genes in agricultural animals. Research objectives,
experimental design, and organism of interest are 3 key determinants in the selection of
technology for quantitative analysis of gene expression. For a transcriptomic analysis of
differential gene expression with a known reference genome of a given animal, DNA microarray
is a robust and inexpensive technique as compared with other methods (Wang et al., 2017; Zhao
et al., 2014). In contrast to the microarray approach, the RNA-Seq approach, can directly
determine all the cDNA sequences. In addition, the RNA-Seq approach can generate high-quality
short-read sequences compared with other sequencing methods. Most importantly, a reference
genome is helpful but not a prerequisite. A genome without reference sequence information can
be sequenced using de novo assembly of the short reads generated. This methodology removes
the possibility of experimental bias or cross-hybridization, and thus largely decreases the
background noise. A sample from a single cell, or even in nanograms, is sufficient for the
laboratory process (Wang et al., 2008; Shendure and Ji, 2008; Hurd and Nelson, 2009).
Nevertheless, RNA-Seq also has some limitations, mainly in the aspects of library
construction and bioinformatics analyses. During library construction and laboratory sequencing,
there are sample contamination from cDNA fragmentation, sequencing reactions, PCR artifacts,
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untrimmed adapter sequences, sequence specific biases, and other contaminants that may
negatively influence data quality. In the aspect of bioinformatics analysis, RNA-Seq also faces
several challenges that include 1) development of a simple and efficient method for data
analysis, 2) inability to directly analyze the short transcript reads containing exon junctions or
poly-A ends, and 3) difficulty of mapping the reads that span splice junctions in a complex
transcriptome owing to the presence of extensive alternative splicing and trans-splicing (Wang et
al. 2009). Altogether, at the present time, RNA-Seq is still a preferred method for analysis of
transcriptomes to disentangle the complex relations between nutrients and genomes in life
sciences.
Application of RNA-Seq Technology in Animal Nutrition Studies
Application in general animal science studies
High-throughput RNA-Seq has become an approach of choice for enabling inexpensive
and routine comprehensive analysis of animal transcriptomes or genomes (Shendure and Ji,
2008; Chen et al., 2015). This technology is primarily applied for quantitative determination of
the expression patterns of transcripts or genes (known and unknown), the mRNA splice variants,
and the analysis of SNPs, which can be used as potential biomarkers for particular production
traits (Külahoglu and Bräutigam, 2014; Han et al., 2015; Piskol et al., 2013). Studies have been
conducted using RNA-Seq in agriculture animals to explore global gene expression patterns in
tissues that are related to economically important traits such as feed efficacies (Alexandre et al.,
2015; Yi et al., 2015; Paradis et al., 2015; Salleh et al., 2017; Ramayo-Caldas et a., 2018).
Indeed, recent progress in genome sequencing of agricultural animals including swine (Schook et
al., 2005), cattle (Zimin et al., 2009), and sheep (Dreszer et al., 2009) has provided important
reference genomes that can be used to align RNA-Seq short reads to determine the changes in
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gene expression in response to dietary nutrients. Therefore, animal nutritionists may use these
genomics data to establish some framework for developing novel feeds or feed additives, which
will be genotype-specific to promote animal growth, health, and production. The objective of the
following sections is to specifically review the relevant examples of RNA-Seq application in
studying nutrient–gene interactions in agricultural animals.
Application in maternal nutrition studies
Maternal methionine plays a vital role in the regulation of utero fetal development
through epigenetic modifications in the fetal genome such as DNA methylation, which is
dependent on the availability of methyl donor nutrients (e.g., methionine). Peñagaricano et al.
(2013) employed RNA-Seq to evaluate the effect of maternal methionine supplementation
(2.43% compared with 1.89% of the dietary metabolizable protein in the experimental and the
control diets, respectively) on the transcriptome of the preimplantation embryos of Holstein
cows. Their results indicated that 276 out of 10,662 genes were differentially expressed between
the treatments; 200 genes showed higher expression in the control treatment, while 76 genes
showed higher expression in the methionine-rich treatment. Some of these DEGs [e.g., vimentin
(VIM), interferon, α-inducible protein 6 (IFI6), BCL2-related protein A1 (BCL2A1), and T-box
15 (TBX15)] were associated with the regulation of embryonic development and the others [e.g.,
natural killer cell group 7 (NKG7) and TYRO protein tyrosine kinase-binding protein
(TYROBP)] were associated with animal immune response. More precisely, the authors
demonstrated the possible effects of maternal methionine supplementation from GO analysis of
the biological process of embryonic tube development, where 8 of the 11 significant genes were
decreased in the methionine-rich treatment. Although morphological evaluation showed similar
ratings of embryos in both treatments for developmental stage, significant transcriptomic
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differences were detected. Increased levels of methionine (i.e., the methyl donor) in the onecarbon pathway would increase the DNA methylation levels of many fetal genes, which in turn
could suppress gene expression.
Another study assessed the impacts of different isoenergetic maternal diets, including
alfalfa haylage (HY; for fiber), corn (CN; for starch), and dried corn distillers grains (DG; for
fiber, protein, and fat), fed to sheep, on the transcriptomes of fetal muscle and subcutaneous and
perirenal adipose tissues (Peñagaricano et al., 2014). In longissimus dorsi, a total of 224, 823,
and 29 genes showed differential expression between CN and DG, CN and HY, and DG and HY,
respectively. Specifically, the maternal CN fed group showed decreased gene expression (168
out of 224 genes, and 600 out of 823) compared with the DG and HY groups, respectively.
Interestingly, 166 genes differed simultaneously between the CN and the other 2 (HY and DG)
groups. Many of these genes are directly involved in embryonic and fetal development [e.g.,
ankyrin repeat domain 11 (ANKRD11), axin 1 (AXIN1), epsin 1 (EPN1), and epsin 2 (EPN2)],
skeletal muscle cell and tissue differentiation [e.g., ankyrin repeat domain 1 (ANKRD1), B cell
CLL/lymphoma 9-like (BCL9L), histone cell cycle regulator (HIRA), and myogenic
differentiation 1 (MYOD1)], and muscle myosin complex and sarcomere organization [e.g.,
myosin heavy chain 13 (MYH13)]. In the subcutaneous adipose tissue, the DEGs are associated
with the embryonic and fetal development [e.g., angiomotin (AMOT) and integrin, β 6 (ITGB6)],
the adipose tissue development [e.g., acetoacetyl-CoA synthetase (AACS)], and the fatty acid
biosynthetic process [e.g., MLX interacting protein-like (MLXIPL) and protein kinase, AMPactivated, α 2 catalytic subunit (PRKAA2)]. Therefore, the authors concluded that alteration of
maternal nutrition during the mid-to-late gestation stages may change the fetal programming of
fetal muscle and adipose tissues.
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Application in feeding strategy studies
Feed restriction and re-alimentation is a common feeding strategy used in animal
agriculture to reduce production cost (Humphrey et al., 2018). The difference in nutrient supply
during the 2 feeding regimes has profound effects on genome expression that could lead animals
to develop an accelerated growth phenomenon known as compensatory gain (CG). The candidate
genes or signatures related to CG can be identified from gene and transcript profiling. Several
studies focused on the feeding restriction and re-alimentation effects on skeletal muscle (Keogh
et al., 2016a) and hepatic tissues (Keogh et al., 2016b) have been conducted on post-weaned beef
cattle. From evaluation of the DEGs in skeletal muscle and hepatic tissues, it was found that
several genes were commonly expressed and followed the same direction of change between the
studies. The genes dehydrogenase/reductase 3 (DHRS3), collagen type I α1 chain (COL1A1),
solute carrier family 27 member 6 (SLC27A6), osteonectin, transcription elongation factor A3
(TCEA3), and VIM are of particular interest, and hold potential for further investigation with
regard to their use as biomarkers for CG selection.
Diets, such as grass and grain rations, have a significant role in determining the fatty acid
profile, antioxidant content, lipid deposition, and metabolism of ruminal proteins, carbohydrates,
and lipids. A study was conducted on 2 grass-fed compared with 2 grain-fed Angus beef cattle
using RNA-Seq to explore and compare the transcriptomic profiles of ruminal walls (Li et al.,
2015). A total of 342 DEGs were found between the 2 feeding regimens. Among the top 10
DEGs, desmoglein-1 (DSG1) is related to embryonic, organ, and organismal development,
whereas R-spondin 3 (RSPO3) is related to abnormal morphology and organismal death. In the
absence of DSG1, the phosphorylation of the RNA polymerase II carboxy-terminal domain may
be transformed, which would affect the recruitment of RNA processing machinery as well as
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protein synthesis. As is known, the RSPO3 gene product is a novel protein in the Wnt signaling
pathway, one of the key pathways controlling cell differentiation, cell proliferation, and
morphogenesis. The distinct feeding regimens (grass-fed and grain-fed) had differential effects
on the cattle transcriptome and affected cattle growth rate and carcass characteristics.
Baldwin et al. (2018) investigated the effects of dietary propionate supplementation on
longissimus lumborum (LL) transcriptome in Black Angus beef steers using RNA-Seq. A total of
110 genes (74 upregulated and 36 downregulated) were differentially expressed in response to
propionate in LL tissue. The network analysis result revealed the top 4 gene networks were
associated with lipid metabolism, small-molecule biochemistry, carbohydrate metabolism, and
molecular transport.
Using microarray technology with quantitative PCR verification, Piantoni et al. (2012)
reported some changes of the transcript profile of the mammary gland in pre-weaned Holstein
heifers in response to dietary nutrient amount. Piantoni et al. (2012) concluded that these changes
might underlie the observed differences in tissue mass and development. The results on bovine
milk transcript profile obtained by Wickramasinghe et al. (2012) using RNA-Seq revealed some
key information for understanding lactation biology in terms of gene expression. To analyze
gene expression in response to diets rich in unsaturated fatty acids, Ibeagha-Awemu et al. (2016)
using RNA-Seq completed transcript profiling of the bovine mammary gland. Their findings
suggested that a diet rich in α-linolenic acid has a significant impact on the transcriptome of the
mammary gland in altering the expression of genes associated with lipid metabolism, which
helps to decrease the content of SFAs and increase the content of PUFAs in the milk. Recently,
Vailati-Riboni et al. (2018) identified DEGs in mammary parenchyma (PAR) and mammary fat
pad (MFP) tissues of Holstein heifer calves, which were fed either a restricted milk replacer or
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an enhanced milk replacer. A total of 1561 genes (895 upregulated, 666 downregulated) and of
970 genes (506 upregulated, 464 downregulated) were differentially expressed in PAR and MFP
tissues, respectively. Direct impact analysis of DEGs revealed possible molecular mechanisms in
response to enhanced diet or enhanced plane nutrition for early mammary gland development
before first lactation (Vailati-Riboni et al., 2018).
Similarly, in dairy cattle, Baldwin et al. (2012) demonstrated the effects of butyrate on
rumen epithelium transcriptome during a dry period. Butyrate-induced genes expressed in the
rumen epithelium were involved with the regulation of the cell cycle. For example, the genes
histone H3 and histone H4 were centered in one of the gene networks, which suggests that
butyrate is not only an element of nutrients but also a regulator of histone modification and gene
expression.
Dai et al. (2017) studied the effects of rice straw (low-quality forage) on milk protein
production. Functional analysis of the DEGs suggested that the enhanced capacity for energy and
fatty acid metabolism, increased protein degradation, decreased protein synthesis, decreased
amino acid metabolism, and depressed cell growth were all related to rice straw consumption. In
addition, Dai et al. (2018) also found multiple DEGs related to reduced energy metabolism,
attenuated protein synthesis, enhanced protein degradation, and lower mammary cell growth in
the mammary glands of lactating cows fed corn-Stover. With more studies building on those
aforementioned nutrigenomics data, it is possible to design some improved nutritional strategies
to yield high-quality cow milk.
Besides beef and dairy cattle, RNA-Seq has also been used in studying nutrient–gene
interactions in other ruminant animals such as goats and sheep. For example, Qu et al. (2019)
using RNA-Seq investigated the effect of dietary vitamin E supplementation in sheep on
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spermatogenesis and the associated regulatory mechanisms. This investigation detected a number
of DEGs, such as N-myc downstream regulated 1 (NDRG1), fascin actin-bundling protein 3
(FSCN3), and cytochrome P450, family 26, subfamily B, polypeptide 1 (CYP26B1). It was
known that these genes have important roles in the regulation of spermatogenesis (Qu et al.,
2018).
Application in gut microbiota studies
Gut microbiota, diet, and gut health are interconnected through a complex interplay (Liao
and Nyachoti, 2017). It is well known that macronutrients (proteins, carbohydrates, and lipids)
and other environmental factors play major roles in altering the living environment of enteric
cells (Sanderson and Naik, 2000; Conlon and Bird,2015). It is also known that the fermentation
of dietary components by the gut microbiota contributes a great deal to generating nutrients and
energy for animals, especially the ruminants (Flint et al., 2012). Despite a body of knowledge
about the effects of nutrients on microbial gene expression in the gut, a lot more questions
pertaining to early microbial colonization in the mammalian intestine remain unanswered. As to
this topic, research applying RNA-Seq was conducted to evaluate the effects of sow milk
(mother fed) compared with artificial formula (formula fed) on the community-wide gut
microbiota in 21-d-old neonatal piglets (Poroyko et al., 2010). The gut microbial cDNA profiling
showed that the microbial communities were similar at the phylum level but were dissimilar at
the genus level. Prevotella was a dominant genus within the mother-fed group, whereas
Bacteroides was the most abundant genus within the formula-fed group.
Pitta et al. (2018) used pyrosequencing to identify changes in ruminal bacterial
populations in response to induction of and recovery from diet-induced milk fat depression.
Their analysis revealed that the induction diet reduced the relative sequence abundance of
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Bacteroidetes and increased the relative sequence abundance of Firmicutes and Actinobacteria.
On the other hand, the recovery diet resulted in a sharp increase in the Bacteroidetes lineages and
a decrease in Firmicutes members. The authors concluded that alterations in milk fatty acid
profiles at induction are preceded by microbial alterations in the rumen driven by dietary
changes. The results obtained from dietary nutrition and gut microbiota interactions will provide
a reference frame for similar experiments with different diets for different agricultural animals.
Application in swine science and nutrition
In recent years, transcriptomic technologies have been successfully applied to study
quantitative genetics and nutrient–gene interactions, and to explore more innovative genomic
information in agricultural animals. However, only a limited number of studies have employed
RNA-Seq to study the nutrient–gene interactions in pigs. The absence of a complete pig genome
sequence was the major limitation for quantitative genetics and nutrigenomics research (Schook
et al., 2005). Nonetheless, the first version of the annotated pig genome (Sscrofa 9) was released
with Ensembl 56 in September 2009 (Schook et al., 2005; Archibald et al., 2010) and the updated
version (Sscrofa 11.1), a high-quality draft, has been available at the Ensembl database since
July 2017. Now the updated sequence of the porcine genome has opened a new avenue for swine
genetics and nutrition research.
As is known, genetic potential and nutrient supply are 2 essential factors that determine
pork production profitability and sustainability. Modern swine production combines both
genetics (e.g., genetic selection and quantitative loci mapping) and nutritional management (e.g.,
the optimal nutrient utilization by the animal) to improve economically important traits such as
growth rate, feed intake, leanness, meat quality, litter size, and disease resistance. Nutritional
factors, such as methyl donor nutrients (methionine, folate, choline, and vitamins B-6 and B-12),
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may modulate or reshape the pig epigenome by methylation during fetal development (Sookoian
et al., 2013; Chango and Pogribny, 2013). The effects of gestation diets supplemented with
methyl donor nutrients on the liver transcriptome of pig offspring have been investigated with
RNA-Seq, and the results showed that the methyl donor nutrients influence the expression of
genes related to nucleic acid metabolism during fetal development and lipid metabolism at the
adult stage (Oster et al., 2016).
Biomedical studies have shown that dietary fat, a vital class of nutrients and a source of
energy, can regulate gene expression through well-characterized transcription factors such as
peroxisome proliferator-activated receptors (PPARs), hepatocyte nuclear factor 4α (HNF4A),
NF-κB, and sterol regulatory element binding protein 1c (SREBP1c) (Willson et al., 2000). In
pigs, Oczkowicz et al. (2016) reported the impact of dietary fats (rapeseed oil, beef tallow, and
coconut oil) fed along with dried distillers’ grains with soluble (DDGS) on the liver
transcriptomic profile. The authors found 39 DEGs among the treatment groups fed the diets
with different added fats and different concentrations of DDGS. The majority of these genes
were those involved in the regulation of lipid metabolism. Specifically, the genes encoding the
cytochrome P45 (CYP45) family of proteins (e.g., CYP2B22, CYP2C49) responsible for lipid
homeostasis were mostly affected.
Szostak et al. (2016) using RNA-Seq investigated the effect of a diet enriched in ω-6 and
ω-3 fatty acids on pig liver transcriptomic gene expression. Dietary ω-3 fatty acids increased the
expression of genes related to fatty acid β-oxidation. The expression of the cytochrome P450
family 7 subfamily A member 1 (CYP7A1), a key member in the PPAR signaling pathway, was
significantly decreased. CYP7A1 is regulated by liver X receptor (LXR), a key nuclear receptor
that regulates the expression of genes involved in hepatic bile and fatty acid synthesis, Glc
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metabolism, and sterol efflux (Pawar et al., 2003). Moreover, the expression of lipogenic genes,
such as acetyl-CoA carboxylase-1 (ACACA) and fatty acid synthase (FASN), was decreased,
indicating a decreased production of SCFAs. These results suggested that a decreased ratio of ω6 to ω-3 fatty acid could alter the PUFA metabolic pathway.
Integration of all the knowledge obtained from the previous studies not only will better
our understanding of nutrient–gene interactions but also can be applied to develop feeding
strategies to improve the production efficiency of the swine industry. In addition, the
International Swine Methylome Consortium recently started to function for generation of a
porcine reference methylome map, which can help to explain the methylation pattern in the
swine genome (Choi et al., 2015). Altogether, the combination of genomic information, growth
performance data, and marker-assisted selection technology will provide great potential to
significantly improve swine production efficiency.
Conclusions
In short, the novel RNA-Seq technology for transcriptomics analyses of living organisms
is considered as a powerful approach to better understand molecular mechanisms in terms of
nutrient–gene interactions, although the application of this technology still faces some technical
challenges in both its experimental and computational aspects. For agricultural animals,
scientists can use this technology to study some economically important production traits, such
as feed efficiency, litter size, genetic markers, and breed selection, although the magnitude of
this use is still limited. Because RNA-Seq holds great potential to be employed to explore the
new insights into the understanding of nutrient regulation of animal growth, development, health,
and reproduction, it is expected that the application of RNA-Seq in animal nutrition studies to
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elucidate the molecular mechanisms, especially in terms of nutrient–gene or environment–gene
interactions, will greatly enhance our research capacity in the foreseeable future.
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Table 2.1

Currently available sequencing platforms used for RNA-Seq technology1

RNA-Seq platforms (Supplier company)

Short read
length1

454 GS FLX (Roche, Basel, Switzerland)

700 bp

Pyrosequencing,
Chemiluminescence

Illumina Genome Analyzer (Illumina, San
Diego, CA, USA)

50 to 300
bp

Polymerase-based sequenceby-synthesis (PBSS)

ABI/SOLiD System (Thermo Fisher
Scientific, Waltham, MA, USA)

50 bp

Sequencing by ligation
(SBL)

Ion Torrent (Thermo Fisher Scientific,
Waltham, MA, USA)

400 bp

PacBio RS (Pacific Biosciences, Menlo
Park, CA, USA)

5,000 bp

Sequencing chemistry

Sequencing principle

Library
type2

Year3

Incorporation of
normal nucleotides

SE, PE,
Mx

2005 (52)

Incorporation of
fluorescent nucleotides

SE, PE,
MP, Mx

2006 (53,
60)

Fluorescent short
linkers

SE, PE,
Mx

2007 (53,
56)

Ion semiconductor

Measuring pH change

SE, PE,
Mx

2010 (58,
60)

Single molecule real-time
(SMRT)

Incorporation of
fluorescent nucleotides

SE

2010 (59,
61)

1

bp: base pair. 2SE: single end read; PE: paired end read; MP: mate pair read library; Mx: multiplexed sample. 3The year by which the platform
was firstly introduced and the literatures (in parenthesis) that were referred.
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Figure 2.1

Example of Nutrient-Gene interactions.

This diagram shows the regulation of gene expression by the available nutrients, nutrient
metabolites, or non-nutrient compounds within a cell. For example, nutrients, such as Glc,
become available in the circulatory system. Multiple Glc sensing mechanisms coexist extraorganismal, extracellular, and intracellular (Efeyan et al., 2015). The extra-organismal Glc is
sensed by oral taste receptors. With the extracellular mechanism, Glc is sensed by GLUT2 or
GLUT4. With the intracellular mechanism, Glc is sensed by GCK. GCK further phosphorylates
Glc to produce Glc-6-phosphate (Glc-6-P), which acts as a signaling molecule (metabolic
messenger) to activate the downstream molecules and regulate the expression of genes (e.g.,
insulin, glycogen synthase, and glycogen phosphorylase) related to Glc metabolism (Rolland et
al., 2001; Eldar-Finkelman, 2002). Pathway [A] shows the role of Glc in insulin gene expression.
Glc is transported to pancreatic β-cells by GLUT2 and initiates the signaling to induce Pdx-1
phosphorylation and translocation into the nucleus, where it binds to the insulin gene promoter,
resulting in increased insulin transcriptional activation and increased insulin secretion (Andrali et
al., 2008; Vaulont et al., 2000; Kaneto et al., 2008). Pathways [B] and [C] show the roles of Glc
and insulin in the expression of glycolytic and lipogenic genes in hepatocytes. An elevated
concentration of Glc in hepatic and adipose cells can indirectly upregulate the expression of
genes encoding Glc transporters, glycolytic enzymes (e.g., L-PK), and lipogenic enzymes (e.g.,
FAS, ACC, and SCD1), while repressing the expression of genes related to the gluconeogenic
pathway, such as PEPCK (Ferre, 1999). ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase;
GCK, glucokinase; Glc, glucose; GLUT, Glc transporter; L-PK, L-type pyruvate kinase; Pdx-1,
pancreatic duodenal homeobox factor-1; PEPCK, phosphoenolpyruvate carboxykinase; SCD1,
stearoyl-CoA desaturase-1.
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Figure 2.2

Schematic presentation of the RNA-Seq workflow.

This diagram shows the 3 principal steps of RNA-Seq procedure for mRNA profiling, which are
laboratory analysis of animal tissue samples, bioinformatics analysis of the sequence data, and
biological interpretation of the bioinformatics-analyzed gene expression data. Refer to the main
text of this article for details. Poly-A, polyadenylated; RNA-Seq, RNA sequencing; SNP, single
nucleotide polymorphism.
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CHAPTER III
DIETARY LYSINE AFFECTS AMINO ACID METABOLISM AND GROWTH
PERFORMANCE, WHICH MAY NOT INVOLVE THE GH/IGF-1 AXIS, IN YOUNG
GROWING PIGS
Abstract
Lysine is the first limiting amino acid (AA) in typical swine diets. Our previous research
showed that dietary lysine restriction compromised the growth performance of late-stage
finishing pigs, which was associated with the changes in plasma concentrations of nutrient
metabolites and hormone insulin‐like growth factor 1 (IGF-1). This study was conducted to
investigate how dietary lysine restriction affects the plasma concentrations of selected
metabolites and three anabolic hormones in growing pigs. Twelve individually penned young
barrows (Yorkshire × Landrace; 22.6 ± 2.04 kg) were randomly assigned to two dietary
treatments (n = 6). Two corn and soybean meal-based diets were formulated to contain 0.65%
and 0.98% standardized ileal digestible lysine as a lysine-deficient (LDD) and a lysine-adequate
(LAD) diets, respectively. During the 8-week feeding trial, pigs had ad libitum access to water
and their respective diets, and the growth performance parameters including average daily gain
(ADG), average daily feed intake (ADFI), and gain-to-feed ratio (G:F) were determined. At the
end of the trial, jugular vein blood was collected for plasma preparation. The plasma
concentrations of free AA and six metabolites were analyzed with the established chemical
methods, and the hormone concentrations were analyzed with the commercial ELISA kits. Data
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were analyzed with Student’s t-test. The ADG of LDD pigs was lower (P < 0.01) than that of
LAD pigs, and so was the G:F (P < 0.05) since there was no difference in the ADFI between the
two groups of pigs. In terms of free AA, the plasma concentrations of lysine, methionine,
leucine, and tyrosine were lower (P < 0.05), while that of β-alanine was higher (P < 0.01), in the
LDD pigs. The total plasma protein concentration was lower (P < 0.02) in the LDD pigs,
whereas no differences were observed for the other metabolites between the two groups. No
differences were observed in the plasma concentrations of growth hormone (GH), insulin, and
IGF-1 between the two groups as well. These results indicate that the lack of lysine as a protein
building block must be the primary reason for a reduced body protein synthesis and,
consequently, the compromised G:F ratio and ADG. The changes in the plasma concentrations of
total protein and four AA suggest that the compromised growth performance might be associated
with some cell signaling and metabolic pathways that may not involve the GH/IGF-1 axis.
Key words: amino acid, growing pig, hormone, lysine, plasma metabolite

Introduction
A primary goal of swine production is to grow skeletal muscle, the major component of
pork, for human consumption. It is well known that muscle growth essentially requires dietary
supply of proteinogenic amino acids (AA). There are 20 different proteinogenic AA in typical
swine diets, and the main function of these AA is to serve as building blocks for syntheses of
body proteins, such as muscle proteins (Hou et al., 2015; Regmi et al., 2016). Muscle proteins by
nature undergo a continuous turnover that is the old, damaged, or unneeded proteins are
degraded, and new proteins are de novo synthesized (Wu et al., 2014; Liao et al., 2015).
Therefore, a constant supply of sufficient AA to muscle cells from the blood is required to ensure
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muscle protein accretion, that is, the rate of protein synthesis is greater than that of protein
degradation.
Each protein molecule is a polymer of AA residues joined together by peptide bonds, and
each polymer has a unique linear AA sequence and, thus, fixed ratios of different AA. To
maximize protein synthesis rate in skeletal muscle, various free AA must be available
simultaneously in certain ratios that match muscle protein AA composition (Christensen, 1964;
Liao et al., 2015; van Milgen and Dourmad, 2015). Lysine is the first limiting AA in common
grain-based swine diets (Liao et al., 2015). Previous research showed that the level of dietary
lysine can have significant effect on the growth performance of pigs (O’Connell et al., 2006;
Kim et al., 2011; Taylor et al., 2015). Our previous studies (Regmi et al., 2016, 2018; Wang et
al., 2017) also showed that dietary lysine deficiency (i.e., restriction) significantly compromised
the growth performance of the late-stage finishing pigs, and this compromise was associated with
the observed changes in the plasma concentrations of some nutrient metabolites (including some
AA) and a growth-related hormone, insulin‐like growth factor 1 (IGF‐1). However, similar
studies on young growing pigs are still limited.
To further understand the regulatory role of dietary lysine on swine growth performance,
this study was conducted in young growing pigs with three main objectives, which were to study
the effects of dietary lysine restriction on 1) the plasma free AA profile; 2) the plasma
concentrations of the selected metabolites related to protein, lipid, and energy metabolism; and
3) the plasma concentrations of three growth-related hormones.
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Materials and Methods
Animal Trial Procedures
Twelve crossbred (Yorkshire × Landrace) barrows (initial BW 22.6 ± 2.04 kg) in 12
individual pens (24 ft2 each) housed in an environment-controlled barn at a Mississippi State
University farm were assigned to two dietary treatments according to a completely randomized
experimental design with pig serving as experimental unit. A corn and soybean meal-based diet
(a lysine deficient diet, LDD) was formulated (Table 3.1) to meet or exceed NRC (2012)
recommended requirements for various nutrients including crude protein and essential AA, but
not lysine. As given in Table 3.1, the control diet (i.e., a lysine-adequate diet, LAD) was
formulated by adding crystalline l-lysine monohydrochloride to the LDD at 0.40% (as-fed basis).
During the course of the feeding trial, diet samples were collected and submitted to the
Essig Animal Nutrition Laboratory at Mississippi State University for proximate analysis to
confirm the contents of major nutrients. Also, the AA composition of the diets was analyzed in
Dr. Guoyao Wu’s laboratory at Texas A&M University (College Station, TX). While the
calculated composition of major dietary nutrients is listed in Table 3.1, the analyzed composition
of dietary nutrients including AA is reported in Table 3.2.
Growth Performance Measurement and Blood Sample Collection
Pigs were allowed ad libitum access to fresh water and the experimental diets throughout
the trial, which lasted for a total of 8 weeks. All the pigs, feeders, and waterers were inspected
two to three times daily (0600 to 1900 h). Pigs’ BW and feed intake were measured at the
beginning and the end of the 8 week period for calculation of average daily gain (ADG), average
daily feed intake (ADFI) and gain to feed (G:F) ratio. All the experimental protocols including
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caring, handling, and treatment of pigs were approved by the Mississippi State University
Institutional Animal Care and Use Committee.
At the end of the 8-week feeding trial, blood samples (approximately 10 mL/pig) were
collected by jugular venipuncture of individual pigs in the early morning (between 0600 and
0800 h). Immediately before blood collection, the remaining feed in all the feeders were removed
to avoid any re-pushed concentrations of nutrients or metabolites in the blood due to any
immediate morning meal. Blood samples, collected in a non-fasting state resembling a typical
swine industry setting, were kept on ice immediately after collection until plasma was separated
within 60 min by centrifugation at 800 × g and 4 °C for 16 min. Plasma sample aliquots were
then stored at −80 °C until the analyses of AA, nutrient metabolites, and growth-related
hormones.
Laboratory Analyses
The concentrations of plasma free AA (except for proline and cysteine) were determined
using a high-performance liquid chromatography (HPLC) method (Wu, 1994; Dai et al. 2014).
Briefly, after a pre-column derivatization of plasma AA with o-phthaldialdehyde, the samples
were separated through a Supelco 3-μm reversed-phase C18 column (46 mm × 150 mm, i.d.)
guarded by a Supelco 40-μm reversed phase C18 column (46 mm × 50 mm, i.d.). The HPLC
mobile phase consisted of solvent A (0.1 M sodium acetate/0.5% tetrahydrofuran/9% methanol;
pH 7.2) and solvent B (methanol), with a combined total flow rate of 1.1 mL/min. A gradient
program with a total running time of 49 min was developed for a satisfactory AA separation.
Batch analysis using the automated ACE Alera Clinical Chemistry System (Alfa
Wassermann, West Caldwell, NJ) was performed for determination of six plasma metabolites
with six respective ACE reagents (Alfa Wassermann) at the College of Veterinary Medicine
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Diagnostic Laboratory of Mississippi State University. The batch analyses involved respective
enzymatic reactions, followed by bichromatic measurements of respective reaction products at
different wavelengths. The six metabolites analyzed included total protein, albumin, plasma urea
nitrogen, glucose, triglycerides, and total cholesterol. Detailed assay procedures can be found in
Regmi et al. (2018).
For the plasma concentrations of the selected hormones, three commercial ELISA kits
were employed for the measurements, as previously reported by Wang et al. (2017). The porcine
growth hormone (GH, a.k.a. somatotropin) ELISA kit (Catalog number SEA044P0) was
purchased from the Cloud‐Clone Corp. (Wuhan, China), The porcine insulin ELISA kit (Catalog
number ENZKIT 141-0001) and the human IGF-1 ELISA kit (Catalog number ADI-900-150)
were purchased from the Enzo Life Sciences (Farmingdale, NY). The manufacturers’
instructions for using these ELISA kits were followed in our laboratory for the analyses.
Statistical Analysis
Data were analyzed by Student’s t-test using the TTEST procedure of SAS program
(Version 9.3; SAS Institute, Inc., Cary, NC). The dietary lysine level was the main effect and
pigs were experiment units. Parameter values were presented as means ± standard deviation.
When P ≤ 0.05, the difference was considered to be significant, and when 0.05 < P ≤ 0.10, the
difference was considered to have a tendency to be different.
Results and Discussion
Growth Performance
The results of the growth performance of the growing pigs in response to dietary lysine
restriction are given in Table 1.1. There was no difference (P = 0.90) in pig’s initial BW between
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the LDD and LAD groups. At the end of the trial, the final BW, ADG, and G:F ratio were
significantly decreased (P < 0.05) in the pigs fed LDD than fed LAD, and there was no
difference (P = 0.52) in the ADFI between the two groups of pigs.
As expected, the dietary lysine restriction did not affect the ADFI, but the G:F ratio and,
therefore, the ADG and final BW of the pigs. This result is consistent with numerous previous
reports (O’Connell et al., 2006; Yang et al., 2008; Jin et al., 2010; Kim et al., 2011; Taylor et al.,
2012, 2015), with all concluded that the pigs grew slowly and feed utilization was less efficient
when fed reduced levels of dietary lysine. The reduced growth performance observed in this
study must be the consequence of pigs’ poor utilization of dietary nutrients and, especially the
proteinogenic AA, for body protein biosynthesis (Wu et al, 2014; Liao et al., 2015; Wang et al.,
2015) since the skeletal muscle is the largest organ, as well as the largest protein pool, in animal
body (te Pas et al., 2004; Li et al., 2016).
Plasma AA profile
The effect of dietary lysine restriction on the concentrations of plasma-free AA of the
pigs is given in Table 3.4. As expected, the plasma lysine concentration was decreased (P < 0.01)
in pigs fed LDD vs. LAD. Besides lysine, the plasma concentrations of methionine, leucine (two
essential AA), and tyrosine (a nonessential AA) were also decreased (P < 0.05) in pigs fed LDD.
The plasma concentration of arginine (an essential AA) tended to be decreased (P < 0.10) by
LDD. Meanwhile, the concentration of β-alanine (a non-dietary, non-proteinogenic AA) was
increased (P < 0.01) in pigs fed LDD. There were no differences (P > 0.15) in the concentrations
of all other AA between the two groups of pigs.
The decreased plasma concentration of lysine must be due to the restricted dietary lysine
supply, which is consistent with the result of Regmi et al. (2016), who investigated the effects of
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three levels (deficient, adequate, and excess) of dietary lysine on plasma AA profile in finishing
pigs and found a significant decrease in the plasma lysine concentration in the pigs fed a lysine
deficient diet. Similarly, Zeng et al. (2013) and Roy et al. (2000) also reported that the plasma
lysine concentration was linearly decreased with the decreased dietary lysine levels. As is
known, dietary proteins or free AA are the primary source of free AA circulated with the blood
stream to other parts of the body for metabolic utilization, especially for muscle protein synthesis
(Fabian et al., 2002; Liao et al., 2015, 2018; Morales et al., 2015), and lysine serves as an
important building block for protein synthesis.
The result of the reduced plasma concentration of methionine in the LDD pigs of this
study partially agrees with Morales et al. (2015), who reported that lysine deficiency numerically
decreased plasma concentration of methionine in growing pigs. Methionine is the second or third
limiting AA in typical swine diets and one functional AA that plays important roles in nutrient
metabolism, protein turnover, and immune response (Wu, 2010, 2013; Yang et al., 2019). For
example, protein synthesis is universally initiated with methionine, which is encoded by a
universal initiation codon AUG. Thus, the reduced plasma methionine level may suppress
protein synthesis via halting protein synthesis initiation (Kozak, 1992; Drabkin and
RajBhandary, 1998), which might be one of the molecular bases for the poor ADG in growingfinishing pigs (Chung and Baker, 1992; Wu, 2010; Yang et al., 2019). Hiramoto et al. (1990)
reported that dietary deficiency of both methionine and lysine can reduce the protein synthesis
rate by 36% in lying hens. Thus, a low plasma concentration of methionine in addition to lysine
can further worsen pigs’ growth performance.
Plasma concentration of another essential AA leucine was decreased in pigs fed the LDD.
Similar trend of decrease in plasma concentration of leucine was reported by Morales et al.
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(2015), who found that the plasma leucine concentration was decreased (numerically) in growing
pigs fed a lysine deficient diet relative to a lysine adequate diet. Leucine not only serves as a
building block for protein synthesis, but also serves as an important cell-signaling molecule for
the mammalian target of rapamycin (mTOR) pathway related to the protein synthesis in various
tissues including skeletal muscle (Drummond and Rasmussen, 2008), adipose (Lynch et al.,
2002), placental, and mammary gland (Rezaei et al., 2016). In addition, leucine can also enhance
energy homeostasis through augmenting mitochondrial biogenesis and fatty acid oxidation to
support protein synthesis (Duan et al., 2016). Thus, the decreased plasma leucine concentration
in the LDD pigs of this study might participate to the poor growth performance of the pigs.
The plasma concentration of β-alanine (a non-proteinogenic AA) was increased in the
LDD pigs. To date, nothing is known about the role of lysine on the endogenous biosynthesis of
β-alanine in pigs. However, it is well known that β-alanine has many important biochemical
functions, such as the synthesis of carnosine. Carnosine is a buffer molecule to neutralize lactic
acid from heavy muscle activity and maintain the intracellular pH in skeletal muscle (Culbertson
et al., 2010). Therefore, it would be interesting to conduct further research based on the concept
that high plasma concentration of β-alanine in response to dietary lysine restriction may promote
the synthesis of carnosine in skeletal muscle, which would further help to maintain muscle pH
and minimize the yield of PSE (pale, soft, and exudative) pork in the industry (Bowker et al.,
2000; Kim et al., 2016).
Plasma Concentrations of Nutrient Metabolites
As given in Table 1.1, there was a significant decrease (P < 0.02) in the plasma total
protein concentration in pigs fed the LDD vs. the LAD, whereas no differences (P > 0.37) were
observed in the plasma concentrations of other metabolites between the two groups of pigs. In
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agreement with this result, some previous research also reported that the plasma total protein
concentrations were decreased in pigs fed lysine deficient diets (Kamalakar et al., 2009; Yang et
al., 2009; Zeng et al., 2013). As is known, plasma total protein content is a good indicator of
protein metabolism in pigs, and the reduction of total protein concentration in this study suggests
that the capacity of hepatic or whole-body protein synthesis was negatively affected by the
dietary lysine restriction. In terms of plasma albumin, a disagreement result was observed by
Kamalakar et al. (2009), who reported that the plasma albumin concentration was decreased in
growing pigs fed lysine deficient diets (60% and 80% of NRC recommendation). This
discrepancy might be due to the different magnitudes of deficiency and length of feeding period
between the two studies.
Dietary lysine deficiency usually increases the plasma concentration of urea nitrogen
because a rapid depletion of lysine can halt body protein synthesis and the other AA would be
catabolized to produce ammonia and urea, and so on and, thus, plasma urea nitrogen is usually
used as an indicator to assess the efficiency of body protein synthesis (Zeng et al., 2013; Regmi
et al., 2018). In this study, although not statistically significant (P > 0.05), the plasma urea
nitrogen concentration was numerically higher in pigs fed the LDD than LAD (Table 3.5). In the
literature, similar results were reported by Kamalakar et al. (2009) and Jin et al. (2010) when
pigs were fed different levels of dietary lysine.
There were no differences (P = 0.92) in the plasma glucose concentration between the
two dietary treatments (Table 3.5), which suggests that the glucose or energy metabolism was
not affected by dietary lysine restriction. This result is consistent with previous reports stated that
different levels of dietary lysine did not affect the plasma concentration of glucose (Mule et al.,
2006; Yang et al., 2008; Kamalakar et al., 2009; Regmi et al., 2018). Although the lysine content
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of LDD was lower than that of LAD, the calculated net energy content of LDD was the same as
that of LAD (Table 3.1), and this might explain why the plasma glucose concentration was not
changed. Gannon and Nuttall (2010) also suggested that although most AA may modestly
change the insulin and glucagon areas of response, these AA do not significantly change the
glucose concentration in normal young subjects.
Dietary lysine restriction would limit the use of other AA for protein synthesis, and these
surplus AA could offer more carbon skeleton for lipid synthesis in the body. However, in this
study there was no difference (P > 0.05) in the plasma concentrations of triglycerides and total
cholesterol (Table 3.5), indicating that the dietary lysine restriction did not affect the plasma lipid
homeostasis. In fact, this finding is consistent with some previous reports (Mule et al., 2006;
Kamalakar et al., 2009), showing that the dietary lysine level did not affect the concentrations of
triglycerides and cholesterol.
Plasma Concentrations of Anabolic Hormones
As given in Table 3.6, there were no differences (P > 0.42) in the plasma concentrations
of GH, insulin, and IGF-1 between two the dietary treatments, indicating that the plasma levels
of these anabolic hormones in growing pigs were not affected by the dietary lysine restriction.
Similar result was reported by Roy et al. (2000), who reported that dietary lysine levels did not
affect the plasma concentrations of GH and IGF-1 in growing pigs. Wang et al. (2017) found that
there was no effect of dietary lysine levels on the plasma concentrations of GH and insulin in
late-stage finishing pigs.
It has been well known that dietary nutrients exert their functions through numerous
nutrient-metabolic and cellsignaling pathways (Hasan et al., 2019). Of these, the GH/IGF-1 axis
is one of the primary regulatory systems for animal growth and this axis is sensitive to animal
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nutritional status (Brameld et al., 1998; Breier, 1999; Jiang and Ge, 2014). Katsumata et al.
(2002) reported that dietary lysine deficiency reduced the plasma IGF-1 concentration by 52% in
growing pigs, whereas Wang et al. (2017) reported that the plasma IGF-1 concentration was
decreased when finishing pigs were fed either a lysine deficient or a lysine excess diet.
Additionally, it is also known that different AA have different potencies of insulinotropic
property, and lysine or arginine appeared to be the most potent one (Floyd et al., 1966; Fajans et
al., 1969; Wang et al., 2017). Ren et al. (2007) reported that the plasma insulin concentration was
increased when growing pigs were fed a lysine excess diet. Roy et al. (2000) reported that
although the growing barrows fed diets containing 0.45% and 0.75% lysine showed no
difference in plasma insulin concentration, the plasma insulin concentration tended to increase
when pigs were fed 0.98% lysine.
The unchanged plasma concentrations of GH, IGF-1, and insulin observed in this study
suggest that the negative effect of dietary lysine restriction on animal growth (Table 3.3) may
result from 1) the lack of lysine as a building block for protein synthesis, and 2) some shifts in
AA metabolism that led to a reduction in the plasma supply of methionine, leucine, and tyrosine
(Liao et al., 2018). Nevertheless, the reduced growth performance or reduced rate of body
protein synthesis (as indicated in Tables 3.3 and 3.5) may not be mediated by the GH/IGF-1 axis.
Conclusions
Dietary lysine restriction reduced the plasma concentrations of three essential AA, lysine,
methionine, and leucine, as well as one nonessential AA, tyrosine, but increased that of βalanine, in the young growing pigs. The lysine restriction reduced the plasma concentration of
total protein, but not the plasma concentrations of three anabolic hormones, GH, insulin, and
IGF-1. These results confirmed that the lack of lysine as a protein building block must be the
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primary reason for the compromised G:F ratio and ADG of pigs resulted from dietary lysine
restriction. These results, especially that of total plasma protein, also suggest that the metabolic
reduction in the concentrations of methionine, leucine, and tyrosine might further contribute to
the compromised growth performance through some cell signaling and metabolic pathways that
regulate AA metabolism and protein synthesis. However, the compromised growth performance
may not involve the GH/IGF-1 axis pathway. Furthermore, whether or not the increased plasma
concentration of β-alanine in lysine-deficient pigs can reduce the occurrence of PSE pork
warrants further investigation.
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Table 3.1

Composition of the two experimental diets fed to the growing pigs (as-fed basis)
Diet1

Item
LDD
LAD
Ingredients, %
Corn
74.752
74.352
Soybean meal
20.000
20.000
Canola oil
2.400
2.400
2
L-Lysine-HCl
0.000
0.400
DL-Methionine3
0.080
0.080
L-Threonine
0.100
0.100
L-Tryptophan
0.028
0.028
Limestone
0.810
0.810
Dicalcium phosphate
1.400
1.400
Salt
0.180
0.180
4
Grow/Finish Premix
0.250
0.250
5
Major nutrients, calculated
Dry matter, %
82.2
82.2
Net energy, kcal/kg
2,382
2,386
SID crude protein, %
13.2
13.7
SID lysine, %
0.65
0.96
SID methionine, %
0.30
0.30
SID methionine + SID cysteine, %
0.52
0.52
Total calcium, %
0.68
0.68
STTD phosphorus, %
0.31
0.31
Crude fiber, %
2.05
2.04
Ash, %
2.23
2.23
1
LDD = the lysine-deficient diet; LAD = the lysine-adequate diet. The calculated total lysine
contents (as-fed basis) in LDD and LAD were 0.81% and 1.12%, respectively.
2
L-lysine-HCl (98.5%) and L-threonine (98.5%), L-tryptophan (99.0%) (Ajinomoto Heartland,
Inc., Chicago, IL).
3
DL-methionine (99.0%; Rhodimet, NP 99) (Adisseo USA Inc., Alpharetta, GA).
4
Grow/Finish Premix 5 (G07390N) (Archer Daniels Midland Co., (Quincy, IL). The calculated
mineral and vitamin contents in both diets were (per kg of diet): S, 0.08 g; Cu, 13.5 mg; Fe,
123.8 mg; I, 0.28 mg; Mn, 27.0 mg; Zn, 123.8 mg, Se, 0.30 mg; vitamin A, 4,953 IU; vitamin
D3, 594 IU; vitamin E, 26.4 IU; vitamin K, 2.18 mg; vitamin B2, 4.95 mg; niacin, 24.8 mg;
vitamin B5, 19.8 mg; and vitamin B12, 22.3 µg. 5Calculated major nutrients.
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Table 3.2

Analyzed nutrient composition (%, or as indicated) of the experimental diets
Diet1

Item

LDD

LAD

87.8
3946
15.2
3.26
1.82
13.5
2.58
4.22

87.9
3925
15.2
3.25
1.78
11.3
2.28
3.97

0.836
1.015
1.579
0.268
2.789
0.667
0.396
0.672
1.369
0.818
0.158
0.337
0.605
0.788
0.937
0.781
0.680
0.392
0.745
0.195

0.815
0.987
1.524
0.268
2.695
0.642
0.383
0.643
1.329
1.048
0.151
0.323
0.591
0.766
0.930
0.761
0.659
0.377
0.714
0.193

2

Proximate analysis
Dry Matter, %
Gross energy, kcal/kg
Crude protein, %
Crude fat, %
Crude fiber, %
Neutral detergent fiber, %
Acid detergent fiber, %
Ash, %
Amino acid (nmol/mL)
Alanine
Arginine
Aspartic acid
Cysteine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Free lysine
Methionine
Met + Cys
Phenylalanine
Proline
Serine
Threonine
Tyrosine
Valine
Tryptophan
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Table 3.3

The growth performance of the growing pigs fed a lysine-deficient vs. a lysineadequate diet
Diet1

Item

LDD
LAD
P-value2
Initial BW, kg
22.7 ± 2.37
22.5 ± 1.88
0.902
Final BW, kg
76.0a ± 2.00
80.3b ± 2.56
0.009
a
b
ADG, kg/day
0.95 ± 0.04
1.03 ± 0.04
0.004
ADFI, kg/day
2.26 ± 0.14
2.31 ± 0.12
0.524
a
b
G:F ratio
0.42 ± 0.02
0.45 ± 0.02
0.038
1
LDD = the lysine-deficient diet; LAD = the lysine-adequate diet. Each value is a Mean ±
Standard deviation (n = 6); ADG = average daily gain; ADFI = average daily feed intake; G:F
ratio = gain to feed ratio.
2
P-value was obtained from student t-test.
a,b
Means within a row that have different superscripts differ (P < 0.05).Place all detailed caption,
notes, reference, legend information, etc here
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Table 3.4

The plasma concentrations of free amino acids of the pigs fed a lysine-deficient vs.
a lysine-adequate diet

Amino acid (nmol/mL)2
Essential amino acids
Lysine
Arginine
Leucine
Methionine
Histidine
Threonine
Valine
Isoleucine
Phenylalanine
Tryptophan
Non-essential amino acids
Tyrosine
β-alanine
Serine
Taurine
Ornithine
Asparagine
Glutamine
Glycine
Alanine
Aspartic acid
Glutamic acid
Citrulline

Diet1
LDD

LAD

P-value3

70.8a ± 18.1
96.5 ± 11.5
137.1a ± 4.9
29.5a ± 2.3
70.9 ± 2.8
147.3 ± 28.9
188.3 ± 12.0
91 ± 5.3
67.11 ± 3.4
68.5 ± 3.6

126.3b ± 16.6
116.0 ± 18.5
144.2b ± 5.5
33.3b ± 0.5
70.0 ± 8.9
142.6 ± 14.8
189.5 ± 20.7
92 ± 8.3
59.7 ± 10
69.6 ± 3.6

0.002
0.052
0.035
0.003
0.779
0.730
0.900
0.833
0.119
0.622

70.4a ± 6.8
47.30a ± 9.7
79.6 ± 5.5
64.37 ± 12.0
85.5 ± 10.9
32.2 ± 12.3
408.8 ± 68.7
813.8 ± 130.0
197.7 ± 29.3
5.4 ± 1.7
72.9 ± 19.0
97.5 ± 62.2

82.85b ± 7.8
30.1b±7.4
76.8 ± 8.1
58.66 ± 14.5
90.8 ± 14.5
36 ± 3.0
432.4 ± 59.0
742.2 ± 90.74
193.5 ± 33.2
4.4 ± 1.0
57.8 ± 14.5
64.9 ± 10.0

0.014
0.005
0.497
0.475
0.491
0.482
0.538
0.294
0.821
0.240
0.151
0.233

1

LDD = the lysine-deficient diet; LAD = the lysine-adequate diet.
Plasma amino acid concentration. Each value is a Mean ± Standard deviation (n = 6).
3
P-value obtained from student t-test.
2
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Table 3.5

The plasma concentrations of nutrient metabolites in growing pigs fed a lysinedeficient vs. a lysine-adequate diet1
Diet1

2
Parameter (mg/dL)
LDD
LAD
P-value
a
b
Total protein
5.9 ± 0.25
6.2 ± 0.15
0.019
Albumin
3.9 ± 0.25
3.9 ± 0.25
0.909
Urea nitrogen
9.5 ± 2.9
8.2 ± 2.04
0.377
Glucose
93.9 ± 4.8
94.2 ± 6.7
0.922
Triglycerides
35.9 ± 5.15
38.9 ± 7.0
0.416
Total cholesterol
86.5 ± 12.7
88.0 ± 5.3
0.794
1
LDD= the lysine-deficient diet; LAD = the lysine-adequate diet. Each value is a Mean ±
Standard deviation (n = 6).
2
P-value obtained from student t-test.
a,b
Means within a row that have different superscripts differ (P < 0.05).

Table 3.6

The effects of lysine restriction on growth related hormones of growing pigs1
Diet1

Item

3
LDD
LAD
P-value
GH (ng/mL)
1.07 ± 0.24
1.12 ± 0.30
0.648
Insulin (µIU/mL)
12.02 ± 3.01
10.05 ± 4.42
0.421
IGF-1 (ng/mL)2
286.9 ± 79.53
289.7 ± 65.20
0.673
1
LDD = the lysine-deficient diet; LAD = the lysine-adequate diet. Each value is a Mean ±
Standard deviation (n = 6).
2
IGF = Insulin like growth factor.
3
P-value obtained from student t-test.
a,b
Means within a row that have different superscripts differ (P < 0.05).
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CHAPTER IV
RNA SEQUENCING ANALYSIS REVEALED DIFFERENTIALLY EXPRESSED GENES,
UPSTREAM TRANSCRIPTIONAL REGULATORS, AND SIGNALING PATHWAYS IN
PORCINE LONGISSIMUS DORSI MUSCLE AFFECTED BY DIETARY LYSINE
RESTRICTION
Abstract
The objective of this research was to investigate the effects of dietary lysine restriction on
the global gene expression of skeletal muscle in growing pigs. Twelve crossbred (Yorkshire ×
Landrace) barrows (initial BW 22.6 ± 2.04 kg) were randomly assigned to two dietary treatments
(LDD: a lysine-deficient diet; LAD: a lysine-adequate diet) according to a completely
randomized experiment design (n = 6). After feeding for 8 weeks, muscle samples were collected
from longissimus dorsi of individual pigs (approximately 2 g/each). The total RNA isolated was
used to prepare cDNA library for RNA sequencing (RNA-Seq) analysis. The RNA-Seq data was
then analyzed using the CLC Genomics Workbench to identify differentially expressed genes
(DEGs). Sixty-nine genes were found differentially expressed (Benjamin-Hochberg corrected Pvalue < 0.05) in Diet I vs. Diet II pigs, of which 29 genes were down-regulated (Log₂ fold
change (FC) < - 0.58) and 40 genes were up-regulated (Log₂ FC > 0.58). Gene ontology (GO)
analysis of these DEGs for functional annotation using DAVID found a total of 36 GO terms.
The significantly enriched terms (Benjamin-Hochberg corrected P-value < 0.05) are associated
with Biological Processes that include acute-phase response, platelet activation, and protein
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polymerization, and Molecular Functions that include serine-type endopeptidase inhibitor
activity, small molecule binding, heme binding, and oxidoreductase activity. In addition,
Ingenuity Pathway Analysis predicted some upstream transcriptional regulators that regulate
several sets of DEGs. For example, lysine restriction may lead inhibition of insulin, EIF2AK4
(an eIF2α activator), and MYC (a transcript elongation factor), which are associated with the
regulation of protein synthesis. It may also lead activation of STAT3 and HNF1A, which
regulate cell movement and fatty acid metabolism, respectively. The FXR/RXR and LXR/RXR
signaling pathways that are associated cholesterol metabolism might be activated by dietary
lysine restriction, which may affect muscle lipid profile and meat quality. In summary, these
novel results showed that dietary lysine restriction may compromise pig muscle protein synthesis
through the aforementioned transcriptional regulators and their affected genes via respective
canonical pathways.
Introduction
Cell-signaling and nutrient-metabolism pathways responsible for protein syntheses and
degradation in swine and other animals are complex because these pathways are regulated by
many factors. Among these factors, amino acids (AAs) play major roles in modulating the
protein synthesis and degradation (i.e., protein turn over) in swine muscle (Suryawan and Davis.,
2011; Gran et al., 2011). Previous research reported that infusion of a balanced mixture of AAs
into the fasting neonatal pigs increased protein synthesis in skeletal muscle with a synthesis rate
similar to those of the well-fed neonatal pigs (O'Connor et al., 2003; Suryawan et al., 2007). In
terms of individual AAs, it has been reported that leucine (a branched chain AA), for example,
can stimulate muscle growth via the mammalian target of rapamycin (mTOR) signaling pathway
(Buse and Reid, 1975; Greiwe et al., 2001; Gran et al., 2011).
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Lysine is the first limiting AA in typical grain-based swine diets and, therefore, the
crystalline form of free lysine is commonly supplemented to swine diets to meet the minimal
lysine requirement by the pig for optimal growth. Previous studies have shown that dietary lysine
supplementation can increase nitrogen retention and body protein accretion, and improve pigs’
growth performance (Liao et al., 2015; Wang et al., 2017). On the other hand, dietary lysine
deficiency decreased ADG and total lean percentage, and increased the depth of subcutaneous fat
as well as the content of intramuscular fat in the longissimus muscle (Liao et al., 2015; Wang et
al., 2017, 2018). However, the underlying molecular mechanisms by which dietary lysine
directly or indirectly modulates muscle protein accretion and fat deposition in growing pigs are
still unclear.
In modern animal nutrition research, nutrigenomics approach can be used to study the
effects of dietary nutrients on the cellular gene expression, metabolic responses and, ultimately,
the phenotypic changes of living organisms (Hasan et al., 2019). Thus, this study was designed
to use RNA sequencing (RNA-Seq) technology to investigate the global gene expression profile
(i.e., the transcriptome) of young growing pigs that may be affected by dietary lysine restriction.
Based on the changes, if any, the associated signaling and metabolic pathways, or the regulatory
mechanisms may be revealed.
Materials and Methods
Animals and Dietary Treatments
Twelve crossbred (Yorkshire × Landrace) barrows (initial body weight 22.6 ± 2.04 kg)
were purchased from a local commercial farm and transferred to an environment-controlled
swine barn at the Leveck Animal Research Center of Mississippi State University. Pigs were
randomly assigned into 12 individual feeding pens and further assigned to 2 dietary treatment
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groups (n = 6) according to a completely randomized experimental design with pig as
experimental unit.
A corn and soybean meal-based treatment diet (a lysine-restriction diet; LDD) was
formulated to meet or exceed NRC (2012) recommended requirements for various nutrients
including crude protein but not lysine. A control diet (a lysine-adequate diet; LAD) was
formulated by adding crystalline of L-lysine monohydrochloride to the LDD diet at a ratio of
0.40%. No effort was made to maintain constantly balanced dietary AA ratios relative to lysine
(Table 3.1). During the four weeks of the feeding trial, feed samples from each diet were
collected and submitted to the Essig Animal Nutrition Laboratory at Mississippi State University
for proximate analysis to confirm the contents of major nutrients. Also, the AA compositions of
the feed samples were analyzed in Dr. Guoyao Wu’s laboratory at Texas A&M University
(College Station, TX). The analyzed nutrient and AA compositions of the two experimental diets
are presented in Table 3.2.
Muscle Sample Collection
The animal feeding trial lasted for 8 weeks, during which the pigs were allowed ad
libitum access to the experimental diets and fresh water. All the pigs, feeders, and waterers were
checked 2 to 3 times daily (0600 to 2000 hr). At the end of the feeding trial, pigs were
slaughtered in the Meat Science and Muscle Biology Laboratory of Mississippi State University.
Muscle samples (approximately 5 g/pig) were collected from the middle portion of longissimus
dorsi (between the 10th and 12th ribs) and immediately snap frozen in liquid nitrogen. The
frozen muscle samples were then transferred to a −80°C freezer for storage until the RNA-Seq
analysis of gene expression. All the animal-related experimental protocols (e.g., caring, handling,
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and treatment of pigs) were approved by the Mississippi State University Institutional Animal
Care and Use Committee (IACUC).
mRNA Isolation, cDNA Library Construction, and Sequencing
The total RNA was extracted from the frozen muscle samples using TRIzol Reagent
(Invitrogen Corporation, Carlsbad, CA) following the manufacturer’s recommendations. After
extraction, the RNA samples were further purified by DNase I (Ambion, Austin, TX) treatment
to avoid any DNA contamination. The RNA integrity was evaluated by using Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). The concentration and purity of each
RNA sample were determined with NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE) using the absorbance values at 260 nm and the A260/A280
ratio, respectively. The RNA samples were stored at −80°C until further RNA-Seq analysis
The mRNA fraction was separated from each of total RNA samples and then used to
prepare cDNA libraries with the RNA-Seq sample preparation kit (provided by Illumina Inc.,
San Diago, CA) in accordance with the manufacturer’s instructions. Subsequently, the RNA-Seq
libraries were sequenced by using Illumina Genome Analyzer II (Illumina), and the FASTQ files
were generated from the sequence images using the manufacturer’s recommended software
(Illumina).
Bioinformatics Analyses and Data Interpretation
Sequence mapping and differential gene expression
Raw RNA-Seq data were analyzed using the CLC Genomic Workbench (Version 11.1;
Qiagen, Germantown, MD). The quality of the sequence reads was first checked by the quality
control pipeline with the program default parameters. The low-quality reads and adapters were
71

removed, and the resulting high-quality reads were mapped against the recent version of swine
reference genome, Sus Scrofa 11.1. Then, the gene expression data were normalized by
calculating reads per kilobase per million mapped reads (RPKM). The statistical analysis was
performed using the normalized gene expression values to determine the differentially expressed
genes (DEGs) by using the Empirical DEG analysis tool (Sequencing, 2011). This DGE analysis
tool implements the 'Exact Test', which was developed by Robinson and Smyth (2008) and
incorporated in the EdgeR Bioconductor package (Robinson et al., 2010). The obtained P-values
were corrected by Benjamini-Hochberg (B-H) multiple testing method.
Gene ontology enrichment analysis
The Gene Ontology (GO) enrichment analysis was carried out using DAVID (Database
for Annotation, Visualization, and Integrated Discovery; version 6.8), which is a web-accessible
computer program, to annotate the Biological Processes (BP), the Molecular Functions (MF),
and the Cellular Components (CC) of the DEGs (Huang et al., 2009). The statistical analysis was
performed to identify the significant gene set enrichment using Fisher’s Exact Test with the Sus
Scrofa as the reference species. The obtained P-values were corrected with the B-H multiple
testing method, in which the enrichment was considered as significant when a P-value ≤ 0.05.
Upstream regulator and canonical pathway analyses
The gene symbols of those DEGs that were corrected with the B-H multiple testing and
their corresponding log2 fold change (log2FC) values were uploaded onto the Ingenuity Pathway
Analysis online software (IPA; Ingenuity Systems, http://www.ingenuity.com) to explore any
significantly over-represented upstream regulators and canonical pathways. The upstream
regulator analysis was conducted based upon the literature evidences or previous knowledge of
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the expected effects between transcriptional regulators and their target genes stored in the IPA
database, and the IPA upstream analysis tool predicts any activation or inhibition status of the
upstream regulators and their known targets genes present in the experimental. The predicted
positive and negative z-score values indicate activation and inhibition, respectively (Zhou et al.,
2014). The upstream regulators with an overlap P-value less than or equal to 0.05 were
considered being significantly activated or significantly inhibited. The IPA canonical pathway
analysis tool predicts significantly affected canonical pathways associated with the DEGs based
on two parameters, (1) a ratio of the number of genes from our dataset that were mapped to the
pathway divided by the total number of genes within that pathway in the database, and (2) the Pvalue generated from the Fisher’s Exact test and further the B-H multiple test (Li and Capuco,
2008).
Results
A total of 17,623 genes that were expressed with at least one transcript were identified
with the CLC Genomic Workbench’s mapping tools. A comparison of the gene expression levels
between the LDD and LAD pigs revealed a total of 69 DEGs (the B-H corrected P-value < 0.05),
which are listed in Table 4.1. Of these DEGs, 40 were upregulated (Log₂FC > 0.58) and 29 were
downregulated (Log2FC < −0.58). The criteria for cutting off the DEGs from the rest genes can
be visualized form the volcano plot (Figure 4.1).
The 69 DEGs were tested against the background set of all genes of Sus scrofa species
for GO enrichment analysis using DAVID. As shown in Table 4.2, the results of the enrichment
analysis revealed some new insight on these DEGs. After the application of B-H multiple testing
to exclude any random false discovery, the significantly enriched GO terms associated with the
BP, MF and CC were revealed. For example, the GO terms associated with BP include
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GO:0006953 (acute-phase response), GO:0030168 (platelet activation), and GO:0051258
(protein polymerization). The GO terms associated with MF include GO:0004867 (serine-type
endopeptidase inhibitor activity), GO:0036094 (small molecule binding), GO:0020037 (heme
binding), GO:0016712 (oxidoreductase activity), and GO:0005506 (iron ion binding). The GO
terms associated with CC include GO:0072562 (blood microparticle), GO:0045095 (keratin
filament), GO:0005882 (intermediate filament), GO:0005576 (extracellular region),
GO:0070062 (extracellular exosome), and GO:0005615 (extracellular space).
In ordered to explore the gene regulatory mechanisms induced by dietary lysine
restriction, an IPA analysis was conducted using the log2FC values of the DEGs. The results
showed that at least 15 upstream regulators (as listed in Table 4.3) were potentially affected by
the dietary lysine restriction (P ≤ 0.05). These regulators are involved in transcription regulation,
kinase activity, and chemical drug activities on their target gene expression. Of these 15
upstream regulators, 7 were downregulated and 8 were upregulated based on their z-score values.
As examples, some predicted regulatory effects of transcriptional regulators on their
corresponding target genes are shown in Figure 4.2 and Figure 4.3.
Canonical pathway analysis of the 69 DEGs was conducted with the Core Analysis
program of the IPA. The results showed approximately 20 canonical cells signaling and
metabolic pathways that were affected (P ≤ 0.05) by the dietary lysine restriction (Figure 4.4).
The top 5 pathways are responsible for the FXR/RXR activation, acute phase response signaling,
LXR/RXR activation, glucocorticoid receptor signaling, and atherosclerosis signaling.
Discussion
Dietary lysine deficiency can reduce the body protein synthesis rate that will induce a
negative protein turnover, a low feed efficiency, and ultimately a retarded muscle growth and
74

development (NRC, 2012; Liao et al., 2015). Although numerous studies have been conducted to
investigate the regulatory role of lysine on swine muscle growth and development, the findings
cannot provide a clear picture on the mechanisms at the molecular level.
High-throughput RNA-Seq technology is a powerful method for global gene expression
profiling that can provide quantitative information about differential gene transcription,
transcript isoforms, alternative splicing, and genomic structural variation (Mortazavi et al., 2008;
Wang and Snyder, 2009; Lovén et al., 2012; Hasan et al., 2019). This is the first study in which
RNA-Seq technology was used to explore the DEGs in the longissimus dorsi tissue of young
growing pigs fed a lysine restricted vs. a lysine adequate diet.
Lysine Regulation of Muscle Growth
In this study, dietary lysine restriction increased the expression of several genes that are
associated with negative regulation of muscle growth and development. For example, F-Box
Protein 32 (FBXO32) encodes a member of F-box protein family, which constitutes one of the
four subunits of the ubiquitin protein ligase complex called SKP1-cullin-F-boxs (SCFs), which
play important role in the phosphorylation-dependent ubiquitination (Stelzer et al., 2016).
Ubiquitination is the covalent attachment of ubiquitin molecule to target proteins that will be
recognized for proteasomal degradation (Ciechanover, 2005; Nguyen et al., 2013). In addition,
FBXO32 protein is highly expressed during muscle atrophy, a process of muscle wasting
(Solomon et al., 1988; Jackman et al., 2004). Our result implies that dietary lysine restriction
may increase the proteasomal degradation in skeletal muscle. This implication is supported by
Wang et al. (2017) and Ishida et al. (2011) who stated that dietary lysine deficiency or restriction
can stimulate protein degradation through the ubiquitin-proteasome degradation pathway.
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Moreover, dietary lysine restriction in this study upregulated the expression of the growth
arrest and DNA damage inducible alpha (GADD45A) gene. According to Stelzer et al. (2016),
the transcript level of GADD45A increases following the stressful growth arrest conditions, and
it is known that GADD45A is an important molecular mediator of the denervation-induced
muscle atrophy (Bongers et al., 2013). Several authors have demonstrated that skeletal muscle
denervation dramatically increases the levels of GADD45A mRNA in skeletal muscle
(Stevenson et al., 2003; Ebert et al., 2012; Bongers et al., 2013). Therefore, it can be stated that
dietary lysine restriction might be a nutritional stress that leads to muscle denervation and
atrophy.
On the other hand, dietary lysine restriction downregulated the expression of some genes
that include activating transcription factor 5 (ATF5), phosphoenolpyruvate carboxykinase 2
(PCK2), collagen Type II alpha 1 chain (COL2A1), aggrecan (ACAN1), and matrix
metallopeptidase 13 (MMP13). The transcription factor ATF5 maintains mitochondrial activity
during mitochondrial stress or dysfunction to promote organelle recovery (Fiorese et al., 2016;
Sears and Angelastro, 2017). The decrease in ATF5 gene expression indicates that dietary lysine
restriction might have induced mitochondrial stress or dysfunction, which can lead to an energy
metabolism perturbation in growing pigs. As is known, the mitochondrial PCK2 enzyme is
associated with energy metabolism, in which the enzyme catalyzes the conversion of
oxaloacetate to phosphoenolpyruvate in the presence of guanosine triphosphate (Leithner et al.,
2015). As a result, we may be able to state that lysine restriction may compromise the energy
metabolism in mitochondria via the downregulation of these aforementioned genes.
The products of COL2A1, ACAN1 and MMP13 genes function in the development of
bone and cartilage, and as skeletal muscle, bone and cartilage are also critical for animal whole
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body growth and development. The product of COL2A1 is fibrillar collagen found in cartilage
(Barbieri et al., 2003), and of ACAN1 is a member in the aggrecan proteoglycan family (Kiani et
al., 2002). Mutation of these three genes is responsible for chondrodysplasia, early onset familial
osteoarthritis, and skeletal dysplasia, respectively (Dighe et al., 2008; Stelzer et al., 2016). In
addition, MMP13 protein is involved in the breakdown of extracellular matrix in normal
physiological processes, such as embryonic development, reproduction, and tissue remodeling
(Stelzer et al., 2016). The downregulation of these genes in this study indicates that there might
be a negative regulatory effect of dietary lysine restriction on pigs’ bone and cartilage
development.
Lysine Effects on Biological Process and Molecular Functions
Functional enrichment analysis using DAVID provided further insight about the BP, MF,
and CC of the DEGs (Table 4.2). The top enriched GO terms associated with BP are acute-phase
response, platelet activation, and protein polymerization. Acute-phase response is a complex
systemic early-defense system that can be activated by trauma, infection, stress, and
inflammation (Cray et al., 2009). Dietary lysine restriction for a long period is a nutritional stress
that might induce the acute-phase response by upregulating the acute phase protein coding genes,
ORM1, AHSG, HP, and CRP. Of these DEGs, ORM1 and CRP encode acute phase plasma
proteins that activate animal innate immune response. Several DEGs including FGA, FGB,
HRG, and FGG, which are associated with platelet activation, were upregulated by the lysine
restriction. As is known, platelets play central role mainly in the normal hemostasis and
thrombosis, but platelets can also contribute to the host inflammatory and immune responses to
an infection or stress condition (Yun et al., 2016). This suggests that the lysine restricted pigs
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may become susceptible to environmental stress and, therefore, to increase the expression of
these genes in response.
In terms of MF, the expression of ten keratin gene isoforms, including KRT82, KRT71,
KRT31, KRT83, KRT25, KRT33B, KRT81, KRT27, KRT74, and KRT33A, which are
associated with structural molecule activity, were downregulated by the dietary lysine restriction.
Keratins fundamentally influence the architecture (e.g., cell polarity and cell shape) and mitotic
activity of epithelial cells to sustain their mechanical stress, maintain their structural integrity,
and establish the cell polarity (Coulombe and Omary, 2002; Magin et al., 2007; Bragulla and
Homberger, 2009). Little is known about the molecular mechanisms of keratin gene transcription
and translation in vivo. It is of interesting in finding that dietary lysine may play a role in keratin
structural activity.
Another important MF GO term is serine-type endopeptidase inhibitor activity, in which
serpin A3-8, HRG, AMBP, and A2M were significantly enriched. These enriched DEGs were
downregulated, which implies that the dietary lysine restriction might have reduced their
peptidase inhibition activities. For example, the serpin superfamily constitutes the largest class of
serine/cysteine peptidase inhibitors (Silverman et al., 2010). These proteins interact with target
peptidase and undergo conformational change for activation. Activated serpins inhibit proteolytic
degradation from serine-type peptidase (Whisstock et al., 2010).
In addition to BP and MF, it is also important to learn the cellular site of the expression
of these DEGs. In this study, the GO terms associated with CC of those well annotated DEGs
that are significantly enriched (data not shown) mainly include keratin and intermediary
filament, extracellular region and matrix, and fibrinogen complex components.
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Lysine Effects on Transcriptional Regulation
IPA library is one of the largest knowledge-based databases that store information from
published research articles. Using the IPA database, the upstream regulator analysis was
conducted in this study to identify potential transcriptional regulators and their predicted
regulatory effects on the target DEGs. The identified upstream transcriptional regulators and
their target genes are listed in Table 4.3. As is known, transcriptional regulators either directly
act as activators or as repressors; or indirectly regulate other transcriptional factors, which bind
in specific DNA sequences for the regulation of gene transcription (Lambert et al., 2018). Some
of the transcriptional regulators, such as insulin, EIF2AK4 kinase, and MYC (Table 4.3), are
predicted to be inhibited by the dietary lysine restriction. Insulin is an anabolic hormone that can
regulate the transcription of genes that play various functions in different biological processes,
including the glycolytic and gluconeogenesis pathways (Sutherland et al., 2013). Dietary lysine
restriction may regulate the transcription of CYP1A1, FBXO32, FGB, MMP13, and TAT genes
by inhibiting their upstream regulator “insulin” activity.
EIF2AK4 kinase, a member of a kinase family, phosphorylates the α-subunit of a
eukaryotic translation initiation factor-2 (EIF2) and downregulates protein synthesis. EIF2AK4
kinase is usually expressed when animals are subjected to AA deprivation (Stelzer et al., 2016).
The suppression of EIF2AK4 kinase activity, as predicted by the IPA analysis, may be associated
with the downregulation of ASNS, PCK2, PHGDH, and PSAT1 gene expression.
Similarly, MYC encodes a few transcription factors that regulate cellular proliferation.
Under normal physiological conditions these factors stimulate those growth-factors for cellular
differentiation and cell-cycle progression (Rahl and Young, 2014; Rohban and Campaner, 2015).
However, the predicted inhibition of the MYC activity by dietary lysine restriction may have
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regulatory effects on the expression of APOC3, ASNS, COL2A1, FBXO32, GADD45A,
HAPLN1, KRT27, PSAT1, and TAT genes. Therefore, the repressed activities of these upstream
regulators by dietary lysine restriction may reduce skeletal muscle growth by affecting the
transcription initiation and cell proliferation.
On the other hand, dietary lysine restriction may activate some upstream regulators, such
as HNF1A, HNF4A, SMARCA4, and STAT3. HNF1A and HNF4A are the hepatocyte nuclear
factors (HNFs) that regulate the transcription of various enzymes and transporters, which are
associated with glucose, cholesterol, and fatty acid metabolism (Mitchell et al., 2002; Costa et
al., 2003). It has been reported that dietary lysine restriction can affect fatty acid metabolism in
skeletal muscle and increase the intramuscular fat content in finishing pigs (Witte et al. 2000;
Hyun et al., 2007; Wang et al., 2017). Thus, the predicted activation of HNF1A and HNF4A
transcription factors by dietary lysine restriction may affect skeletal muscle fatty acid
composition via affecting the transcription of genes depicted in Figure 4.2. For example, dietary
lysine restriction increases the expression of PAH and TAT, whose proteins are responsible for
the degradation of phenylalanine and tyrosine, respectively. The degradation of phenylalanine
and tyrosine may offer more energy to the animal, and the carbon skeleton of these two AAs can
also be converted to lipids in the muscle. In addition, the increased expression of apolipoprotein
genes (APOB, APOC3, APOH) may assist in increasing lipid uptake by the skeletal muscle.
Therefore, dietary lysine restriction in pigs may affect fatty acid metabolism via activating
HNF1A, HNF4A transcription factors and their target gene expression in skeletal muscle.
Moreover, STAT3 transcription factor (Figure 4.3) might also be activated by dietary lysine
restriction in this study, and this activation might be responsible for the transcriptional regulation
of the expression of genes presented in Figure 4.3.
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Lysine Effects on Canonical Pathways
Pathway analysis of the DEGs using the IPA program revealed that dietary lysine
restriction might have affected several important signaling pathways, such as the FXR/RXR
activation, acute phase response signaling, LXR/RXR activation, glucocorticoid receptor
signaling, GP6 signaling pathway, IL-12 signaling and production in macrophages, production of
nitric oxide and reactive oxygen species in macrophages, and sirtuin signaling pathway (Figure
4.4). FXR (farnesoid X receptor) is a member of the nuclear receptor family that dimerizes with
the RXR (retinoid X receptor) nuclear receptor and plays a critical role in the regulation of bile
acid homeostasis, and lipid and glucose metabolism (Makishima et al., 1999; Claudel et al.,
2005; Lee et al., 2006). FXR receptors are predominantly expressed in the liver, intestine,
kidney and adrenal gland (Kalaany and Mangelsdorf, 2006; Xu et al., 2016); however, little is
known about its expression in skeletal muscle. The predicted activation of FXR/RXR signaling
pathway in this study may be associated with the expression of a set of DEGs (Figure 4.4) and
their downstream effects regulate the fatty acid metabolism in skeletal muscle of pigs.
Similarly, dietary lysine restriction may also affect the LXR/RXR activation pathway in
skeletal muscle (Figure 4.4). LXR/RXR heterodimer binds with LXR (liver X receptor) response
elements and initiates the transcription of target genes (Boergesen et al., 2012). Therefore,
LXR/RXR receptor activation in response to the dietary lysine restriction may regulate the
transcription of DEGs according to this study. The downstream effects of the DEGs of the
LXR/RXR and FXR/RXR pathways may play roles in regulation of muscle lipid and energy
metabolism in the pigs of this study. According to Kalaany and Mangelsdorf (2006), LXR/RXR
and FXR/RXR are coevolved to create a highly sensitive and efficient system for the
maintenance of total body fat and cholesterol homeostasis. In addition, the tissue-specific actions
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of these receptors are crucial for the proper function of the cardiovascular, immune,
reproductive, endocrine pancreas, renal, and central nervous systems, and. Therefore, LXRs and
FXR are considered as potential therapeutic targets for the treatment and prevention of numerous
metabolic and lipid-related diseases (Kalaany and Mangelsdorf, 2006).
Conclusions
Dietary lysine restriction changed the expression of at least 69 genes in the longissimus
dorsi muscle of young growing pigs, of which 40 were upregulated and 29 were downregulated.
Dietary lysine restriction may lead to increased muscle protein degradation via upregulating the
genes related to protein degradation, such as FBXO32 and GADD45A, and downregulating the
genes responsible for energy metabolism and cartilage development, such as ATF5, PCK2 and
COL2A1. The immune response of the lysine restricted pigs might be affected, which was
indicated by the increased expression of those acute phase responsive genes. Dietary lysine
restriction may lead to the inhibition of some upstream regulators, such as insulin, EIF2AK4
kinase and MYC, which are critically important for protein synthesis. The lysine restriction may
also lead to the activation of some upstream regulators, such as HNF1A, HNF4A, SMARCA4,
and STAT3, which are associated with lipid metabolism. In addition, the FXR/RXR and
LXR/RXR signaling pathways that are associated cholesterol metabolism might be activated by
dietary lysine restriction, which may affect muscle lipid profile and meat quality. In addition, the
bioinformatics analyses of the DEGs for gene annotation, functional enrichment, and signaling
and metabolic pathways revealed that most DEGs are associated with skeletal muscle growth,
immune response, protein structural activity, and various cell signaling pathways related to
protein and lipid metabolism.
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Table 4.1

Genes differentially expressed in the longissimus dorsi muscle of the pigs fed a lysine-restricted vs. a lysine-adequate
diet

Ensembl ID1
Upregulated Genes
ENSSSCG00000000660
ENSSSCG00000011799
ENSSSCG00000008948
ENSSSCG00000005485
ENSSSCG00000008595
ENSSSCG00000015069
ENSSSCG00000040910
ENSSSCG00000008123
ENSSSCG00000039182
ENSSSCG00000013551
ENSSSCG00000034914
ENSSSCG00000016159
ENSSSCG00000006403
ENSSSCG00000001906
ENSSSCG00000010780
ENSSSCG00000023320
ENSSSCG00000029990
ENSSSCG00000005981
ENSSSCG00000006678
ENSSSCG00000008998
ENSSSCG00000008997
ENSSSCG00000024314

Name

Log₂FC2

P-value3

A2M
AHSG
ALB
AMBP
APOB
APOC3
APOH
ARID5A
AG2
C3
CD163L1
CPS1
CRP_2
CYP1A1
CYP2E1
CYP3A22
DEFB1_2
FBXO32
FCGR1A
FGA
FGB
FGG

2.21
7.51
7.17
5.76
5.86
6.76
7.42
1.13
1.4
2.4
6.69
4.77
3.99
4.26
6.91
8.09
2.5
1.34
2.63
6.31
5.31
6.47

3.34E-05
8.16E-09
1.09E-12
1.48E-06
5.88E-05
1.30E-07
2.72E-06
1.03E-04
8.82E-05
6.74E-07
6.99E-06
1.02E-04
2.87E-05
3.19E-05
7.78E-06
5.81E-05
4.33E-05
8.48E-05
1.08E-04
3.04E-07
3.22E-08
4.41E-09
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P-value4
0.02
7.42E-05
2.96E-08
2.02E-03
0.03
4.43E-04
3.10E-03
0.04
0.04
1.15E-03
7.06E-03
0.04
0.02
0.02
7.33E-03
0.03
0.02
0.04
0.04
6.91E-04
1.76E-04
6.01E-05

Table 4.1 (Continued)
Ensembl ID1
ENSSSCG00000037066
ENSSSCG00000027609
ENSSSCG00000002749
ENSSSCG00000014626
ENSSSCG00000011801
ENSSSCG00000040321
ENSSSCG00000023684
ENSSSCG00000002483
ENSSSCG00000030371
ENSSSCG00000030300
ENSSSCG00000024911
ENSSSCG00000005488
ENSSSCG00000000856
ENSSSCG00000002736
ENSSSCG00000005247
ENSSSCG00000023686
ENSSSCG00000027801
Downregulated Genes
ENSSSCG00000001832
ENSSSCG00000015340
ENSSSCG00000003201
ENSSSCG00000025523
ENSSSCG00000026780
ENSSSCG00000029558
ENSSSCG00000014137
ENSSSCG00000009219
ENSSSCG00000017464
ENSSSCG00000017462

Name
GADD45A
GC
HP
HPX
HRG
F8A2
MT1A
serpin A3-8
serpin A3-8
MT-2B
MT1D
ORM1
PAH
TAT
TJP2
TTR
VTN

Log₂FC2
1.34
6.35
3.14
4.79
8.13
5.4
3.59
6.48
7.95
1.32
5.15
4.98
5.6
5.33
1.17
8.61
3.07

P-value3
3.24E-05
4.98E-05
1.32E-06
6.07E-06
6.38E-05
2.58E-06
1.05E-05
1.96E-05
9.22E-05
1.06E-04
4.08E-05
1.83E-05
4.96E-05
4.44E-05
5.59E-05
2.07E-05
5.45E-05

P-value4
0.02
0.03
1.90E-03
6.37E-03
0.03
3.06E-03
9.52E-03
0.02
0.04
0.04
0.02
0.01
0.03
0.02
0.03
0.02
0.03

ACAN
ASNS
ATF5
COL2A1
EDIL3
EXTL1
HAPLN1
IBSP
KRT25
KRT27

-5.36
-1.07
-1.5
-5.33
-3.8
-1.25
-5.57
-6.28
-6.61
-6.16

3.80E-07
1.60E-05
9.16E-05
4.30E-08
2.64E-05
2.32E-07
6.45E-07
3.41E-07
3.06E-08
9.57E-07

7.40E-04
0.01
0.04
1.95E-04
0.02
6.32E-04
1.15E-03
7.15E-04
1.76E-04
1.45E-03
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Table 4.1 (Continued)
Ensembl ID1
Name
P-value3
P-value4
Log₂FC2
ENSSSCG00000021668
KRT31
-6.83
7.79E-06
7.33E-03
ENSSSCG00000030350
KRT33A
-6.31
3.12E-05
0.02
ENSSSCG00000028334
KRT74
-8.48
1.54E-05
0.01
ENSSSCG00000000235
KRT82
-7.58
1.04E-04
0.04
ENSSSCG00000006399
VSIG8
-5.72
2.56E-05
0.02
ENSSSCG00000021755
KRT33B
-8
4.14E-05
0.02
ENSSSCG00000022657
KRT81
-6.06
6.32E-05
0.03
ENSSSCG00000000239
KRT83
-7.23
2.16E-06
2.80E-03
ENSSSCG00000000247
KRT71
-6.88
1.08E-07
4.19E-04
ENSSSCG00000037222
KRT12
-6.2
6.81E-05
0.03
ENSSSCG00000014988
MMP13
-4.36
7.22E-07
1.16E-03
ENSSSCG00000002009
PCK2
-2.55
2.35E-05
0.02
ENSSSCG00000006717
PHGDH
-2.54
2.41E-06
2.99E-03
ENSG00000203783
PRR9
-8.32
1.60E-05
0.01
ENSSSCG00000005287
PSAT1
-1.77
2.26E-07
6.32E-04
ENSG00000163684
RPP14
-2.62
4.23E-05
0.02
ENSSSCG00000006579
S100A3
-6.09
3.67E-06
4.00E-03
ENSSSCG00000031614
SMCO1
-0.78
1.24E-04
0.05
ENSSSCG00000015507
TNN
-5.53
2.94E-07
6.91E-04
1
The Ensmbl ID of the gene was obtained from the Ensemble genome browser (https://useast.ensembl.org/index.html).
2
log2Fold change indicates the level of expression: (+ve) value indicates upregulation and (-ve) value indicates downregulation.
3
P-Value was obtained from Fisher’s Exact test analysis provided in the CLC Genomic Workbench (Version 11; Qiagen).
4
Adjusted P-values were obtained by using the Benjamin-Hochberg multiple testing method provided in the CLC Genomic
Workbench (Version 11; Qiagen).
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Table 4.2

Results of Gene Ontology enrichment analysis of the DEGs using DAVID a webaccessible program1

GO Term2
Biological Process (BP)
GO:0006953
GO:0030168
GO:0051258
GO:0015886
GO:0046483
GO:0045926
GO:0071294
GO:0017144
GO:0006541
GO:0031069
GO:0030282
GO:0050766
GO:0007155
GO:0010951
GO:0001503
GO:0007417
Molecular Function (MF)
GO:0005198

GO:0004867

Term Description

Target Genes

acute-phase response
platelet activation
protein polymerization
heme transport
heterocycle metabolic process
negative regulation of growth
cellular response to zinc ion
drug metabolic process
glutamine metabolic process
hair follicle morphogenesis
bone mineralization
Positive regulation of
phagocytosis
cell adhesion
negative regulation of
endopeptidase activity
Ossification
central nervous system
development

ORM1, AHSG, HP, CRP
FGA, FGB, HRG, FGG
FGA, FGG, FGB
HRG, HPX
CYP1A1, CYP2E1
MT1A, MT-2B
MT1A, MT-2B
CYP1A1, CYP2E1
CPS1, ASNS
KRT25, KRT27
MMP13, IBSP
FCGR1A, AHSG

structural molecule activity

KRT82, KRT71, KRT31,
KRT83, KRT25, KRT33B,
KRT81, KRT27, KRT74,
KRT33A
serpin A3-8, HRG, AMBP,
serpin A3-8, A2M
TTR, AMBP, ALB
CYP1A1, HRG, CYP3A22,
AMBP, CYP2E1
CYP1A1, CYP3A22,
CYP2E1
CYP1A1, PAH, CYP3A22,
CYP2E1
CYP1A1, CYP2E1
AHSG, A2M

GO:0036094
GO:0020037

serine-type endopeptidase
inhibitor activity
small molecule binding
heme binding

GO:0016712

oxidoreductase activity

GO:0005506

iron ion binding

GO:0070330
GO:0004866

aromatase activity
endopeptidase inhibitor
activity
hyaluronic acid binding
cysteine-type endopeptidase
inhibitor activity
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GO:0005540
GO:0004869

HAPLN1, ACAN, IBSP
AHSG, AMBP
AHSG, IBSP
HAPLN1, ACAN

HAPLN1, ACAN
HRG, AHSG

Table 4.2 (Continued)
GO Term2
GO:0005201

Term Description
extracellular matrix structural
constituent

Target Genes
HAPLN1, ACAN

Cellular Component (CC)
GO:0072562

blood microparticle

GO:0045095

keratin filament

GO:0005882

intermediate filament

GO:0005576

extracellular region

GO:0070062

extracellular exosome

GO:0005615

extracellular space

HRG, AHSG, AMBP, GC,
HPX, A2M, ALB
KRT82, KRT71, KRT83, K
RT81, KRT74
KRT31, KRT25, KRT33B,
KRT27, KRT33A
MMP13, FGB, ACAN
AMBP, HP, CRP_2, HPX,
A2M
HRG, AHSG, AMBP, HPX,
PCK2, TTR, KRT71, KRT25,
GC, KRT27, DEFB1_2,
A2M, KRT74, ALB, APOC3
ORM1, serpin A3-8, TTR,
IBSP, serpin A3-8, GC,
DEFB1_2, A2M, ALB
FGB, FGG
MMP13, AHSG, IBSP
HAPLN1, TNN, ACAN

GO:0005577
GO:0031012
GO:0005578

fibrinogen complex
extracellular matrix
proteinaceous extracellular
matrix
1
DAVID (Database for Annotation, Visualization, and Integrated Discovery) was used to obtain
for functional enrichment analysis (https://david.ncifcrf.gov/summary.jsp).
2
Gene Ontology (GO) Term indicates that the target genes enrichment with the assigned GO
term.
3
P-Value was obtained from Fisher’s Exact test analysis of DAVID.
4
Adjusted P-Values were obtained from Benjamin-Hochberg multiple testing method using
DAVID.
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Table 4.3

The upstream regulators in the skeletal muscle that are potentially affected by dietary lysine restriction

Upstream
regulator
Methapyrilene
Insulin
EIF2AK4
MYC

Molecule type
chemical drug

Predicted
activation state
Inhibited

z-score1
-2.121

P-value2
9.91E-10

Inhibited
Inhibited
Inhibited

-2.416
-2
-2.275

4.46E-04
7.23E-07
3.70E-05

Nitrofurantoin

Group
Kinase
transcription
regulator
chemical drug

Inhibited

-2.331

2.38E-15

Fenofibrate

chemical drug

Inhibited

-2.215

6.45E-10

Phorbol
myristate acetate

chemical drug

Inhibited

-2.171

3.94E-08

Dexamethasone

chemical drug

Activated

2.651

1.20E-08

Tcf 1/3/4
STAT3

Group
transcription
regulator
transcription
regulator

Activated
Activated

2.2
2.393

3.03E-13
6.32E-06

Activated

2.565

1.31E-07

HNF4A
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Target molecules genes in the dataset
A2M, ALB, AMBP, CPS1, FGA, GADD45A,
ORM1, TTR
ALB, CYP1A1, FBXO32, FGB, MMP13, TAT
ASNS, PCK2, PHGDH, PSAT1
ACAN, ALB, APOC3, ASNS, COL2A1, FBXO32,
GADD45A, HAPLN1, KRT27, PSAT1, TAT
A2M, ALB, AMBP, ASNS, COL2A1, CPS1, FGA,
FGB, GADD45A, HPX, ORM1, TTR
APOB, APOC3, ASNS, FBXO32, FGA, FGB,
FGG, GADD45A, HP, PCK2
ALB, CYP1A1, CYP2E1, FCGR1A, HAPLN1,
IBSP, KRT25, KRT27, KRT31, MMP13, PCK2,
PHGDH, PRR9, TAT, TJP2
ALB, ASNS, CPS1, CYP1A1, CYP2E1, FBXO32,
FGA, FGB, FGG, GADD45A, HAPLN1, HP,
IBSP, KRT31, MMP13, ORM1, PAH, PCK2,
TAT, TTR
AHSG, ALB, AMBP, APOH, TTR
A2M, AHSG, FCGR1A, FGA, FGB, FGG,
GADD45A, HP, MMP13
AHSG, ALB, AMBP, APOB, APOC3, APOH,
ASNS, CYP1A1, CYP2E1, FGA, FGB, HPX,
KRT27, ORM1, PCK2, PSAT1, TAT, TTR, VTN

Table 4.3 (continued)
Upstream
regulator
HNF1A

Molecule type
transcription
regulator

Predicted
activation state
Activated

z-score1
2.736

P-value2
2.44E-15

SMARCB1

Target molecules genes in the dataset
AHSG, ALB, AMBP, APOB, APOC3, APOH,
CYP2E1, FGA, FGB, GC, HPX, KRT33A, PAH,
TAT, TTR, VTN
A2M, CYP2E1, FCGR1A, GADD45A, HP

transcription
Activated
2
4.50E-05
regulator
SMARCA4
transcription
Activated
2.186
1.15E-06 A2M, ALB, ASNS, CD163L1, CPS1, CYP1A1,
regulator
FGG, GADD45A, S100A3, TTR
Ethanol
chemical Activated
2.132
4.67E-03 CYP2E1, GADD45A, MMP13, ORM1, TAT
endogenous
mammalian
1
Z-score indicates the activation state: (+ve) value indicate activation and (-ve) value indicate inhibition.
2
P-value was obtained from the default setting of IPA statistical test using Fisher’s Exact test.
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Figure 4.1

Volcano plot of the 69 differentially expressed genes (DEGs).

A total of 69 DEGs identified between the two groups, LDD vs. LAD, at the cutoff FDR (P <
0.05). The X-axis values correspond to log2(fold change) and the Y-axis values are the log10(Pvalue).
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Figure 4.2

Downstream effects of upstream regulator HNF1A on differentially expressed
genes transcription in the dataset that are associated with fatty acid metabolism.

Orange circle and arrow indicate predicted activation; Gray arrow indicates effects not predicted;
Yellow line indicates inconsistent findings.
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Figure 4.3

Downstream effects of upstream regulator STAT 3 on differentially expressed
genes transcription in the dataset that are associated with cell movement.

Orange circle and arrow indicate predicted activation; Gray arrow indicates effects not predicted;
Yellow line indicates inconsistent findings.
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Figure 4.4

Canonical pathways significantly affected by dietary lysine restriction in skeletal
muscle in growing pigs.

The y-axis displays the significant pathways, and the x-axis displays the log of B-H P-value.
Each rectangular symbol indicates the percent of genes upregulated (dark gray) or downregulated
(light gray).
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CHAPTER V
OVERALL DISCUSSION, CONCLUSIONS, AND PERSPECTIVES
Discussion
The growth performance data in Chapter III (Hasan et al., 2020) showed that dietary
lysine restriction the G:F ratio, the ADG, and the final BW, but not the ADFI of the young
growing pigs. The ADG of pigs primarily depends on the efficiency of body protein synthesis
using AA building blocks from dietary proteins. According to the ideal protein concept, the body
protein synthesis requires a complete set of AAs at the site (Baker et al., 1993; Baker, 1997; van
Milgen and Dourmad, 2015). The insufficient supply of lysine can diminish the protein
synthesis, which must be the principal cause for the reduction in ADG and final BW of the pigs.
In addition, the growing period of pigs is highly sensitive to nutritional status for growth,
because at this period, the rate of muscle protein accretion continually increases as pigs advance
in BW up to 70 kg, after which it decreases (Holden et al., 1996). The early depletion of lysine
will halt protein synthesis and may induce negative protein turnover or increase muscle protein
degradation to release free AAs (Waterlow, 1969; Gustafson et al., 1986), which may further
decrease ADG of young growing pigs.
Thus, it is understandable that dietary lysine restriction can affect the plasma AA profile,
and their metabolism in various tissues (Liao et al., 2015; Regmi et al., 2016). The AA profile of
this study reported in Chapter III (Hasan et al., 2020) shows that dietary lysine restriction mainly
reduces the plasma concentrations of lysine, methionine, leucine (three essential AA), and
99

tyrosine (a non-essential AA), and increased β-alanine (a non-dietary, non-proteinogenic AA) in
growing pigs. The insufficient dietary lysine supply must be the main cause of reduction in
plasma lysine concentration, which is consistent with previous studies that reported significant
decreases in the plasma lysine concentrations in the pigs fed lysine deficient diets (Roy et al.,
2000; Zeng et al., 2016; Regmi et al., 2016). However, the actual metabolic reason why the
plasma concentrations of methionine, leucine, and tyrosine are reduced and why the plasma
concentration of β-alanine was increased are not clear at this moment, we at least can suppose
that like lysine, these AA can also negatively affect the pig’s growth performance.
As is known, the methionine is the second limiting AA in typical swine diets and
identified as one of the functional AAs that plays critical roles in regulating nutrient metabolism,
protein turn over, and immune responses (Wu, 2013). For example, methionine is coded by
AUG, a universal initiation codon in cellular protein synthesis, and the deficiency of this AA can
stop the protein synthesis process (Kozak, 1992; Drabkin and RajBhandary, 1998). In addition to
methionine, leucine is another functional AA that serves as an important cell-signaling molecule
for mTOR pathway related to protein synthesis in various tissues including skeletal muscle
(Drummond and Rasmussen, 2008). The decreased concentrations of these AAs might play some
roles in reducing the overall muscle protein accretion or ADG of the growing pigs.
From metabolic standpoint, the metabolism of AAs and other nutrients are directly or
indirectly linked with each other via a network of intermediary metabolic pathways. Indeed, the
dietary lysine restriction limit body protein synthesis (Liao et al., 2015), and as a result, the
remaining AAs and the energy that are required for maximal protein synthesis may be redirected
towards glycolysis and citric acid cycle pathways to increase lipid deposition (Stryer, 1995; Voet
et al., 2006). The outcomes of this metabolic switch can affect the plasma concentrations of other
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metabolites. We reported in Chapter III (Hasan et al., 2020) that the effects of dietary lysine on
the plasma concentrations of selected metabolic parameters (glucose, albumin, total protein,
triglycerides, total cholesterol, and plasma urea nitrogen) representing major nutrient (protein,
energy, and lipid) metabolism of the pigs. The results showed that the dietary lysine restriction
decreases the plasma concentrations of total protein, but not of albumin, plasma urea nitrogen,
glucose, total cholesterol and triglycerides. However, the concentrations plasma urea nitrogen is
numerically increased, indicating increased metabolic degradation of surplus AAs or body
proteins. The pigs of the lysine-restricted and lysine-adequate groups offered with the same level
of GE or ME. Thus, the dietary lysine restriction may not be dramatic enough to yield significant
differences in plasma concentrations of those parameters.
The dietary lysine restriction affects the plasma concentrations of nutrient metabolites
including AAs (Hasan et al., 2020), indicating the regulatory roles of lysine on protein and lipid
metabolism. The regulation of nutrient metabolism is closely associated with the concomitant
responses of some growth-related hormones, such as insulin, GH, and IGF-1 (Schiaffino and
Mammucari, 2011; Liao et al., 2015; Rhoads et al., 2016). However, the plasma concentrations
of insulin, GH, and IGF-1 not significantly changed in the pigs fed the lysine-restricted diet.
Therefore, the negative impact of dietary lysine restriction on growth response of growing pigs
may not be mediated via the GH/IGF-1 pathway (Hasan et al., 2020).
Clearly, the data of nutrient metabolites including AAs indicated that the dietary lysine
restriction induces a complex array of adaptive metabolic changes in growing pigs. The pigs
have ability to adapt to high degree of metabolic changes associated with nutrient intake
variation. The influence of metabolic adaptation extends to the realm of gene expression (Haro et
al., 2019). The upregulation or downregulation of a set of genes can help the pigs to adapt to the
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changes in nutrient intake (Cousins, 1999). In cutting-edge animal nutrition research,
nutrigenomic approach is used to study the effects of dietary nutrients on the regulation of
cellular gene expression, metabolic responses and, ultimately, the phenotypic changes of living
organisms (Hasan et al., 2019). Thus, RNA-Seq technology was used to investigate the gene
expression profile (i.e., the transcriptome) to explore the molecular mechanisms by which dietary
lysine restriction affects muscle growth in young growing pigs (Chapter IV).
The transcriptome profile results reveal that sixty-nine genes are differentially expressed
with 40 being upregulated and 29 being downregulated in the longissimus dorsi muscle of the
growing pigs in response to dietary lysine restriction (Chapter IV). Of the upregulated genes,
FBXO32 is associated with muscle protein degradation via ubiquitin pathway (Stelzer et al.,
2016). This finding is supported by Wang et al. (2017) who reported that dietary lysine
deficiency increased the expression of genes associated with the ubiquitin-proteasomal protein
degradation pathway. Also, GADD45A protein is an important molecular mediator of the
denervation-induced muscle atrophy (Bongers et al., 2013). In contrast, dietary lysine restriction
downregulated the expression genes that are involved in the mitochondrial energy metabolism
(e.g., ATF5), bone and cartilage developments (e.g., COL2A1), cellular structural activity (e.g.,
keratin gene isoforms) and transcriptional regulators of protein synthesis initiation (e.g.,
EIF2AK4). Therefore, the low ADG of the young growing pigs fed lysine restricted diet (Hasan
et al., 2020) may be due to increased muscle protein degradation and suppression of protein
synthesis initiation, and the cell, bone and cartilage developments.
Furthermore, the RNA-Seq data (Chapter IV) also showed that the dietary lysine
restriction may be involved in activation of some transcriptional regulators (e.g., HNF1A,
HNF4A, STAT3) in longissimus dorsi muscle, which regulate the mRNA transcription of
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various enzymes and transporters associated with lipid metabolism. According to Wang et al.
(2017), the deficiency of dietary lysine increased the expression of lipogenic enzymes, such as
malic enzyme 1 (ME1), stearoyl-CoA desaturase (SCD), which might promote lipid
accumulation in the skeletal muscle of finishing pigs. Therefore, the predicted activation of
HNF1A and HNF4A transcription factors by dietary lysine restriction may affect skeletal muscle
fatty acid composition and increase the intramuscular fat content in young growing pigs. in
addition, some of cell signaling pathways (e.g., the canonical FXR/RXR and LXR/RXR
pathways) were found to be activated by dietary lysine restriction. Previous studies reported that
the LXR/RXR and FXR/RXR pathways are coevolved to create a highly sensitive and efficient
system for the maintenance of total body fat and cholesterol homeostasis (Kalaany and
Mangelsdorf, 2006; Xu et al., 2016). Collectively, dietary lysine restriction may affect fatty acid
composition in the skeletal muscle of young growing pigs via activation of these transcriptional
regulators and cell signaling pathways.
Conclusions
Dietary lysine restriction altered the plasma AA and metabolite profiles in young growing
pigs. The reduced plasma concentrations of three essential AA, lysine, methionine, and leucine,
as well as one nonessential AA, tyrosine, may negatively affect the protein synthesis process.
The resulting outcome is mainly reflected by a decrease in plasma total protein concentration.
These results confirmed that the lack of lysine as a protein building block must be the primary
reason for the compromised G:F ratio and ADG of the young growing pigs. The unchanged
plasma concentrations of insulin, GF, and IGF-1 suggest that the negative effect of dietary lysine
restriction on the growth performance of the pigs may not involve the GH/IGF-1 axis.
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As suggested by the gene expression profile data, the dietary lysine restriction may lead
to increased muscle protein degradation via upregulating the genes related to protein
degradation, such as FBXO32 and GADD45A, and downregulating the genes responsible for
energy metabolism and cartilage development, such as ATF5, PCK2 and COL2A1. In addition,
the dietary lysine restriction may suppress the protein synthesis by inhibiting some upstream
regulators, such as insulin, EIF2AK4 kinase and MYC, which are critically important for protein
synthesis initiation and ribosomal biogenesis, respectively.
Furthermore, dietary lysine restriction may activate some upstream regulators such as
HNF1A, HNF4A, SMARCA4, STAT3, and signaling pathways such as FXR/RXR and
LXR/RXR that are associated lipid metabolism, which may in turn affect the muscle lipid profile
and meat quality. The bioinformatics analyses of the DEGs for gene annotation, functional
enrichment, and signaling and metabolic pathways revealed that most DEGs are associated with
skeletal muscle growth, immune response, protein structural activity, and various cell signaling
pathways related to protein and lipid metabolism.
Implications and Perspectives
Lysine nutrition is a strategic area for successful swine production. An emphasis has been
given in this dissertation project to understand the effects of dietary lysine restriction on nutrient
metabolism and to explore the molecular mechanisms that are associated with pig’s muscle
growth and development. The data presented in this dissertation will certainly enhance our
understanding about the effects of dietary lysine on nutrient metabolism and its associated
hormonal regulation, and the muscle gene expression at the genomic scale in young growing
pigs. Increasing our understanding of the molecular mechanism by which lysine regulates muscle
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growth in pigs will eventually lead to the development of innovative nutritional strategies to
improve pig growth performance and pork quality.
The RNA-Seq analysis in this study revealed some DEGs, of which, some the genes are
not annotated, and thus, the unannotated genes need to be annotated. In addition, the predicted
molecular targets, such as transcriptional regulators, genes encoding lipogenic genes, and
signaling pathways, which are critical for intramuscular lipid metabolism in growing pigs. Wang
et al. (2017) reported that a dietary lysine restriction may promote lipid accumulation in skeletal
muscle of finishing pigs via increased gene expression of various lipogenic enzymes. These
findings suggest that a temporary dietary lysine restriction may be a potential strategy to increase
the activation of these target genes and enhance the lipogenesis in skeletal muscle. However,
further studies are definitely required to validate these findings and hypotheses.
Improvement of pork quality to achieve consumers’ satisfaction is one of the major goals
of swine production. The intramuscular fat content is critically important for flavor and juiciness
of pork, which determine the consumers’ pleasant eating experience. Therefore, nutritionists and
researchers are seeking to develop effective feeding strategies that can help to achieve just
enough intramuscular fat to ensure a pleasant eating experience without raising consumers’
health concerns associated with high-fat pork (Tous et al., 2014). To achieve an ideal
intramuscular fat content, a temporary dietary lysine restriction at growing stage may be increase
the intramuscular fat content but may also negatively affect pig’s growth performance. Chiba et
al. (2002) proposed that the adverse effects of a lysine restriction on growth performance can be
recovered via compensatory growth during a subsequent feeding phase that re-aliments lysine.
There is still very limited information on the impact of temporary dietary lysine restriction on the
intramuscular fat level. Therefore, a nutritional model of lysine re-alimentation after a temporary
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restriction may need to be studied for increasing intramuscular fat content without compromising
growth performance. In the new studies, the ideal length of lysine restriction at a suitable
growing stage may need to be determined first.
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